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SECTION 1

INTRODUCTION

1.1 Purpose

This volume provides a detailed description of the simulator pro-
gram from a functional, structural, and operational pnint of view.

The primary purpose of the program is tc permit the evaluation of
the navigation and attitude errors rasulting from the mechanization of
a gtrapdown inertial navigation system, using detailed sensor models,
in a highly dynamic tactical aircraft environment., This purpose should
be complementary to that of another (SDL-developed simulation (R-977),
. which assumed "perfect” sonsors, and was directed towards the evaluation
of the computational eorrors resulting frem the mechanization of the
navigation and attitude equations in a digital computer., During tha
latter part of the present tagk the simulated navigation computer soft-
ware was modified to conform with the Yupgraded” version of the algorithms
employed in the reference ingofar as was possible without changing the
structure of the program,

The equations developed or pregented in analytical form in Volume II,
appear in this volume in program mnemonics in “Fortranesque® form. '

1.2 Program Function

Aithough the program consists of a number of quasi-independent,
replaceable wodules, as will be described latex, it may be more easily
understood in texms of the four major functions performed.
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The first function is the aircraft profile or trajectory genera-
tiorn. The intended source of the gross vehicle dynamics (position, p)
velocity, v; attitude, ¢, specific force, g? angular velocity and
acceleration, EP and QP) is the AFAL profile generator program,
PROFGEN. For test and checkout, the present version of the INSS
employs a simplified, self-contained, non maneuverinug, "gross" profile
generator. The linear and angular vibration environment is generated

in another module and superimposed on the gross trajectory.

The profile generator provides both a reference profile and the
forcing functions which drive the simulated sensors.

The second function is the simulation of the dynamics of the
inertial measurement unit (IMIM) and the harometric altimeter. Three
single degree of freedom, floated, rate integrating, wheel-type gyros
or three ring laser gyros may be simulated, plue three, single-axis
poendulous accelerometers. Specific force and angular velocity from
the profile or trajectory are the primary forcing functions for the
inertial components, while the wmodels are defined by the imnput para-

imeters for the sensors. ' I ' '

The IHU simulator provides the incremental angles, ég?. and ingre-
“mental velocitias, g!?; and the indicated barcmetric altitude, b, to
.the navigation computer interface unit, just as if thoy were obtained

from actual sensors. | | - ' '

The third function is the simulation of a navigation (and attitude)
_computer for a strapdown aircraft inortial . ‘vigation system (INS). The
first wajor subtask of the navigation computer is to correct the Q!F's :
and gg?‘s. using the loaded values of the component parameters and the
compensation models, su that the resultant computed values, Qg: and
ggg. approach the integrals of the specific force and angular rate,
output by the profile generator.




The second major subtask of the navigation computer is the updating
of the body to inertial transformation, Ci

» using the égg's, and the
subsequent transformation of the égi's from the body to the inertial

frame.

The final major subtask of the navigation computer is the updating
of the position, B and velocity, gc. and the extraction of the attitude
angles, Ec' in the navigation and attitude algorithms.

The fourth function is the evaluation of the errors produced by
the second and third funcrions relative to the reference values
generated by the profile,

The evaluation module outputs both the instantaneous, raference
values of position, velocity, and attitude and the “errors" in the

computed values of the same.

This qross functional breakdown of the INSS is illustrated in
Figure l-1, '

1.3 OQverview of Functional Structure

The INSS program conocists of a nwnber of modules, each of which
por forms part or all of one of the four major functions deseribed
_in the preceding subscetion. '

 Bach module contains its own initialization data (IFILE) which
includes both module pafam@tew and Eiﬁing and control. In addition,
cach has access o a physical data file (PDATA), which provides some
physical constants and the initial conditions for the simulated flight.

There really is no executive for the IRSS program in the normally
understood sanse, only a sequencer, which calls the modules in order
 and, in soaw cases, buffers some of the module input/output data.
lience in expanding the description of the program, the seguencer does
not enter into'the picture directly, bayond establishing tiw order in
which the modules are called.
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In terms of the individual modules the INSS program performs the

following functions:

1.

Provides a flight profile for a point-mass aircraft executing
coordinated mancuvers. Profile includes position velocity,

acceleration and attitude of the aircraft.

Superimposes on the flight profile, the angular and linear motion
of the aircraft in response to random acrodynamic forces such as

gusts and turbulence.

Operates on the specific force and angular velocity to produce
the ideal body frame values of these quantities and the correspond-

ing anqular acceleration.

Integrates the gyro and accelerometer equations of motion, of the
form specified, after accounting for the displacements of the
inertial components from the "center" of the point-mass vehicle,

and their orientations with respect to the body frame. Incorporates
effects of component parameters and environment on component out-

puts.

Reads truc altitude and perturbs the same according to the alti-

meter model.

Transmits sensor data from simulated IMU to simulated navigation

computer, and resets sums.

Performs accelerometer compensation function (this is essentially

the inversc of the accelerometer model - with errors and omissions).

Using compensated accelerometer outputs (AV's) and gyro outputs
(A0's) performs the gyro compensation (again, this is essentially

the inverse of the gyro model - with errors and omissions).

Updates the body to inertial frame transformation (direction cosine
matrix, d.c.m.) and transforms the incremental velocities to the
inertial frame (cither a d.c.m. or a quaternion update may be

cmployed) .



10. Transforms the incremental velocities to the local vertical wander
azimuth computational frame and computes local vertical position,

velocity, and attitude (incorporating the barometric altimeter for
vertical damping).

11. As required, the navigator outputs are differenced with the flight

profile values and the resulting errors are printed out and/or
plotted.

The foregoing description of the program flow is presented pictor-

ially in Figure 1-2, where the dashed lines indicate the major functions

shown in Figure 1-1.
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SECTION 2

PROGRAM DESCRIPTION

2.1 Introduction

The INSS simulator consists of 11 subprograms (modules) which simulate

the various hardware and software functions in a strapdown system. A
sequencer (main) program interrogates each module in turn at one of two
different user-specified frequencies., Associated with each module are
initialization data files that also contain user-specified switches and
timing specifications so that each module interrogated by the sequencer
can control its own operating time, data output frequencies, initial- and
last-pass program functions. Each module initialization data file (IFILE)
has a unique input/output (I/0) file unit number which is identified with
each module. Also, every module has access to a common data file (PDATA)
that contains physical data and initial-~trajectory flight-path parameters

required to initialize certain modules.

In Table 1 are listed the INSS program modules. The default initializa-
tion data files are listed by name and FORTRAN unit number in Table 2, Two

replacement modules are listed with their default data file names in Table 3.

In addition there is a set of library subroutines for the purpose of

performing repeated common calculations.

Matrix transpose by matrix multiplication (MTXM)
Matrix transpose by vector multiplication (MTXV)
Matrix by matrix multiplication (MXM)
Matrix by vector multiplication (MXV)

0O 0 O 0 O

Gaussian random number generator with specifiable

(]
mean and standard deviation (CAUSS)
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Table 1,

INSS Programs

Proqgram
hat agel Huhy ol fne Fipeit- 4 an
INSSE(Q).FORT Main Executive
INSTRJ.FORT TRJ Interim Trajectory Data-Processor/
Interface Module
INSENV.FCRT ENV Hardware Vibration Simulator Module
INSGYR.FORT GYROS Hardware Simulator Gyro Module
INSACC.FORT ACCEL Hardware Simulator Accelerometer Module
INSALT.FORT ALTI Hardware Simulator Altimeter Module
INSRDR, FORT RDR Hardware/Software Interface Module
INSCAC.FORT ACOMP Software Accelerometer-Compensation ModulA
INSCGY ,FORT GCOMP Software Gyro-Compensation Module
INSALG,FORT ALG Software Velocity Attitude Module
INSLLN,FORT LLN Software Navigation Module
INSEVL.FORT EVL Evaluation Module
Table 2. Data Files
Initialization I/0 File Initialization I/0 File
Data Base Unit No. Data Base Unit No.
SEQ,DATA 10 RDRD,DATA 65
TRJD.DATA 20 CACD.DATA 67
ENVD,.DATA 30 CGYD.DATA 69
GYKD.DATA 40 ALGD,.DATA 70
ACCD,.DATA 50 LLND.DATA 80
ALTD.DATA 60 EVLD.DATA 90
PHYSD.DATA 7

2=-2



Table 3,

Replacement modules and corresponding data sets.

Program Sub- Initializa- I1/0 File

Dataset routine tion Dataset Unit No. Function

INSGYRL,FORT GYROS GYRLD,.DATA 40 Hardware Simulator
Laser-Gyro Module

INSCGYL.FORT GCOMP CGYLD.DATA 69 Software Laser-Gyro
Compensation Module




There is also a set of subroutines that are required solely by the

local level navigator module (LLN). These subroutines have the following
functions,

© Angular velocity calculation (ANGVEL)
Angular velocity by DT and Coriolis correction (TORCOR)
© DCM second order update matrix (AUP)
o Gravity computation (GRAV)
o 3x3 matrix multiply (MM)

The INSS simulator has the operational flexibility to allow for the
replacement of modules having the same function but different formulation.
The initialization files for each of the modules may be readily replaced
in total or particular data elements within the data file may be replaced.
Printed output frequency may be controlled by the selection of a printing

interval variable in the initialization file of the modules,
2.2 Operation

{1) Module Replacement

In order to replace a module having the same function but different
formulation, it is only necessary to retain the same subroutine name and
argument list. Module replacement is accomplished merely by physically
substituting the appropriate module deck in a batch process computer run
or by editing the program files in the computer storage. The actual re-

placement method is peculiar to the computer setup available.
(2) Data File Replacement

Each of the modules has an associated initialization data file.
Again, for convenience, the whole data file may be replaced by a new file
of data values. This operation may be the physical replacement of data
deck in a batch process or substitution of a data file from a disk or
tape storage. A new data file usually accompanies the substitution of

a new program module.

2-4



(3) Data Value Override

Within any particular initialization file, it is often necessary to use

a different data value for some variable. To accomplish this overriding for

each variable, it is only necessary to append a new record at the end of the
initialization file to be changed. This record requires an (15, F20.10)
format for reading an index number, IX, and data value, DATA(IX). The index
I1X, referes to the variable number in the file, for which an override is
desired and the variable DATA(IX) contains the value of the variable. Anv
number of overrides may be appended for the same or different variables

within each of the initialization files, since onlv the latest value is retained.

(4) Simulatjion Termination

A simulation is normally terminated by the user specifying the termination
time, TEND, in the sequencer (SEQ) initialization file. When the simulation
time reaches the value TEND, a last pass indicator, IENDF, is set to 1, so

that each module will receive a last pass to terminate normallv.

(5) Data Output and Print Control

There are several modes for outputting data from the simulator. From
each module, data may be output at a user specified frequency as described
in the flow chart, Figure 2~l. The evaluation module (EVL) supplies the basic
output of the simulator and an identical data file to the evaluation module

print file mav be stored on disc or tape.

2-5



To provide gufficient flexibility in simulator-data output and

module print control, three user-specified data items are provided to
(1) Allow general data output of all modules at the same frequency.

PRNTDT (s) This data item must be specified in the INSS
common data file (PDATA). This item provides
a gerneral data-output print frequency for all
modules and overrides any values specified in
MODPDT in each module

If PRNTDT=0, module orinting occurs only if
MODPDT>0 and PRNTSW=1, Printing will then occur
at the frequency specified in MODPDT of each
module., If MODPDT=0, no module printing occurs.

If PRNTDT>0, module printing occurs for all
modules at the frequency specified in PRNTDT if
PRNTSW=1 regardless of the values of MODPDT for

each wodule.
(2) Allow individual module printing at different frequencies.

MODPDT (s) This data item must be specified in the
initialization data file of each module, This
item is used to control the frequency of module
output data printing and provides capability
for different modules to print at different
frequencies.

If MODPDT=0, this state is tested only if

PRNTDT=0, and then no module printing occurs.

- 1f MODPDT>O, module printing occurs at the
frequency specified in MODPDY, provided PRNTDT=0
and PRNTSW=1,

N,




(3) Provide an individual module-printing on/off switch to control

printing in each module,

PRNTSW This data item nmust be specified in the
initialization data file of each module and is

simply an on/off switch.

If PRNTSW=0, no module printing occurs regardless
of the contents of MODPDT and PRNTDT.

If PRNTSW>1, module output data printing occurs
provided both MODPDT and PRNTDT are not O.

The evaluation-module (EVL) data output is in tables containing
t}ajectory attitude, position, velocity, and the corresponding navigation
errors which are printed online every 50 EVL-module operating cycles if
PRNTSW=1. The user controls EVL-module operating frequency in the usual
way by specifying a value for DT in the initialization data file. See
Fig. 1 for Flow Chart, A tape or disc file may be written on FORTRAN unit
12 with the same format and at the same frequency as the printed output file.

(6) Memory Storage Requirement
The total storage required for the INSS system on an Amdahl computer
is approximately 125k bytes.

2-7
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TPRNT =
TPRNT +
PRMTDT

~ MODPDT
=0

TPRANT =
TPRMOD +
MODPDT

0
PRINT
OUTPUT FILE

999

N

NOTE: XXX = 3-LETTER
MODULE ACRONYM

-y
-

|

TERXX =
T+DT

Figure 2,1 Data Output and Print Control

2-8




2.3 INSS Module Descriptions

The modules and subroutines available for use in the INSS simu-

lator are described. Shown here is an index of the modules.

2.3.1
2.3.2
2.3.3
2.3.4
2.3.5
2.3.6
2.3.7
2.3.8
2,3.9
2.3,10
2.3.11
203,12
263,13

2. 3. 14
2. 3&15

INSS Sequencer (SEQ)

Interim Trajectory (TRAJ)

Environment (ENV)

Gyro (GYROS)

Laser Gyro (GYROS)

Accelerometer (ACCEL)

Altimeter (ALTI)

Hardware/Software Interface (RDR)

Accelerometer Compensation (ACOMP)

Gyro Compensation (GCOMP)

Laser Gyro Compensation (GCOMP)

Attitude and Velocity Algoxithm (ALG)

Local Level Navigator (LLN)

Angular Velocity (ANGVEL)

Angular Velocity by DT and Coriolis Corrections (TORCOR)
DCN Second Order Update Matrix (AUP) '
Gravity Computation (GRAV)

Matrix Multiply (MM)

Evaluation (EVL)

Mathematical Subroutines
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2.3.1 MAIN PROGRAM (SEQ) (INSS SEQUENCER)

(1) General Description

The SEQ module is the main program of the INSS. It functions as
a synchronous cxecutive by calling the hardware subprograms at a fast
frequency and the softwarc programs at a slow frequency. The two
subroutine call frequencies reflect the different computation rates
needed to simulate hardware and software, It should be further noted
that each subprogram has its own operating frequency at which it per-
forms its function. When called by SEQ, each subprogram performs its
function anew only if its operating cycle time has elapsed. Othexrwise
it immediately returns control to SEQ. In oxder to synchronize the
various operating frequencies the following restrictions apply to
the various cycle times: the slow rate cycle time for calls to soft-
ware subprograms must be an integer multiple of the fast ¢ycle time for
calls to the hardware subprograms: cach subprogram operating cycle time
must be equal to or a greater integer multiple of the cycle time at
which it is called. | - ‘

(2) ~ Sequencer Module Flow Diagram

- The general styycture of the SEQ module logic, and the order in
which all other modules are invoked are shown in Figure 1Y With regard

"0 this flow ~hart, several points are worthy of particular attention,

The slow cycle time, which is choson to reflect coimputation fruquancy'

of the goftware functions in a strapdown navigator, is reguired to be an

integer multiple of the ¥ast cycle time that indicates the sawpling fre-
quency {or data availability) of the trajectory, vibration, and instrument
measurements, oxclusive of the altimetor module. The PDATA file is
written on by the trajectoré {(TiJ) wodule only, ond, with the exaéption
of the &valuatidu (EVL) module, subscquently becomes an clement comaon to

- all other modules.

5Each tmodule flow diagram iz identified as Figure 1 within the
module description it pertains to. : '

2-10
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Figure 1., Segquencer module.
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(3)

speci

Index

InEut

(a)

This
fied

(b)

(c)

Test Identification File

FORTRAN unit number: S
FORTRAN format: 9a8

file consists of one record containing a 72-character user-

identification of a simulation run.

Program Initialization File (IFILE)

FORTRAN unit number: 10
FORTRAN format: IS5, F20.10

Variable befault Units Description

Value
DT - 0.01 s overall module operating cycle time
PRNTSW l.0 logical print switch 0 - no print

otherwise - print output

OUTPSW 0.0 logical not used
XFILE 6.0 logical FORTRAN unit number for printout
SPAREl 0.0 = ====- not used
SPARE?2 0.0  ====- not used
TEND 60.0 s simulation end time
DTSLOW 0.02 s module slow operating cycle time
MODPDT 6.0 ] module print interval

Common Initialization File (PFILE)

FORTRAN unit number: 7
FORTRAN format: 1I5, F20.10

2-12



Index

5 to 20

Variable Default Units

value Description
WE 0.72921151470E-4 rad/s earth rotation rate
RE 20975640.0 ft earth radius

G 32.2 ft/s nominal gravity
PRNTDT 6.0 s printing frequency
PBUF (1) 0.0 —— not used

(4) call-Line Data

Call-line input-output data are not applicable to SEQ.

(5)  Formulation

(a)

Initialization

The following functions are performed during the first pass.

®

(b)

SIMEND is initialized to O.
Read and print test identification.
Read and print initialization data (IFILE).

Read and print common initialization data (PFILE).

Set OFILE = XFILE.
Initialize simulation time at T = 0.

Each of the program modules is called in sequence as illustrated
in the General Functions Section.

General Functions

SEQ is primarily a series of FORTRAN CALL statements which call

each module in turn at the user-specified sequencer operating frequency.

All interface data are passed from one module to another by parameter

lists where dummy variables are used to protect input data.



The following is the series of CALL statements sequenced every

operating cycle. The parameter lists are shown with the variable rather

than the dummy name. Data items on the second line of each statement

are module output.

CALL TRAJ
INPUT

W
(T, IENDF, PRNTSW, MODPDT,

LAT, LON, ALT, VEL, PITCH, YAW, ROLL, DVT,
HDING, WANDER, AB, WB)

t /—\_-_/
OUTPUT

CALL ENV

INPUT
- A -
(T, IENDF, AB, WB,

ABB, WBB, WBBDOT)
. e’

~
OUTPUT

CALL GYROS
INPUT

(T, IENDF, WBB, WBBDOT, ABB,

~ DTHETA)

.t

OUTPUT

CALL ACCEL
INPUT

(r, IENDF, ABB, WBB, WBBDOT,

pv)

a——

INPUT

2-14



CALL ALTI
INPUT

~\"\
(T, IENDF, ALT, VEL,

ALTO)
N—— o’

OUTPUT

CALL RDR

INPUT
-~ - N
(T, IENDF, DTHETA, DV,

DTHETO, VDO)
N e’
OUTPUT

CALL ACOMP

INPUT
(T, IENDF, DVO, DTHETO,

DVA)
N

ouTPUT

CALL GCOMP

INPUT
(T, IENDF, DTHETO, DVA,

DTHETZ)
N

OUTPUT

CALL ALG

INPUT
(T, IENDF, DTHETZ, DVA,

DVN, DCM
s’
OouTPUT

2-15



CALL LLN

INPUT
(T, IENDF, DVN, ALTO, DCM,

NAVLAT, NAVLON, NAVV, NAVH, N-YP, NAVR, NAVHD)
e — i RS — e ————
ouTPUT

CALL EVL

INPUT (ALL)
(T, IENDF, LAT, LON, ALT, VEL, DVT, PITCH,
ROLL, YAW, WONDER, NAVLAT, NAVLON,
NAVV, NAVH, NAVP, NAVR, NAVHD)

After each of the CALL statements, a dummy variable IF1l, the
switch IENDF returned from each module, is tested., If IF1 =1, a
flag, SIMEND = 1, is set, otherwise the/next CALL statement is exe-

cuted. (This is true for all subroutines except the trajectory module.)

The four modules, TRAJ, ENV, GYRO, ACCEL, are called at a fast
cycle =- DT; while the remaining seven modules are called at the slow

cycle -~ DTSTOW,

The following is an alphabetical list giving definitions to the

CALL statement variables.

vVariable Units Data Type Description
AB ft/s2 REAL specific force vector in body frame
(from TRJ module)
ABB ft/s2 REAL specific force vector in body frame
(includes vibrations from ENV module)
ALT ft REAL altitude above sea level (from TRJ
module)
ALTO ft REAL indicated altitude above sea level
from the altimeter
*
DCM unity REAL direction cosine matrix
DTHETA rad REAL vector components of the quantized

integrated change in the X, Y, and
Z gyro input angles from GYRO module

2-16
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Variable

DTHETO

DTHETZ

HDING
IENDF
LAT
LON
MODPDT
NAVH
NAVHD
NAVLAT
NAVLON

NAVP

Units

rad

rad

ft/s

ft/s

ft/s

ft/s

ft/s

rad
logical
rad
rad

s

ft

deg
deg
deg

deg

Data Type

REAL

REAL

REAL

REAL

REAL

REAL

REAL

REAL

INTEGER

REAL

REAL

REAL

REAL

REAL

REAL

REAL

Description
vector components of the quantized inte~
grated change in X, Y, Z gyrc input angles
in body frame from RDR module ’
vector components of the compensated quan-
tized integrated change in X, Y, 2 gyro in-
put angles in body frame from GCOMP
vector component of the guantized
integral of specific force in the
body frame (from ACCEL module)

vector components of the compensated
quantized integral of specific force
in the body frame (from ACOMP)

vector components of the quantized
integral of specific force in the
inertial frame (from ALG module)

vector components of the quantized
nominally in the body frame (from

RDR module)

vector components of "true" integral

of specific force in ENU frame (from
TRAJ module)

heading (YAW minus WANDER angle) from TRAJ
last-pass indicator all modules

geodetic latitude from TRAJ

geodetic longitude from TRAJ

module print interval from TRAJ

computed navigational altitude from LLN
computed navigational héading from LLN
computed navigational latitude from LLN
computed navigational longitude from LLN

computed navigational pitch from LLN

2-17




Variable Units Data Type

Description

NAVR deg REAL computed navigational roll

NAVV ft/s REAL computed navigational velocity vector
in ENU frame

PITCH rad REAL pitch angle (second rotation)

PRNTSW logical REAL print switch (0 - no printout,
printout otherwise)

ROLL rad REAL roll angle (first rotation)

T s REAL current simulation time

VEL ft/s REAL velocity vector in body frame

WB rad/s REAL inertial-angular rate vector in
body frame

WBB rad/s REAL inertial-angular rate vector in body
frame (includes vibrations from ENV
module)

— 2 . . .
WBBDOT rad/s REAL inertial-angular acceleration vector

in body frame (includes vibrations
from ENV mcdule)

WANDER rad REAL wander angle (clockwise from north
about the local vertical up axis)

YAW rad REAL yaw angle (third rotation)

The following logic is performed at the end of each sequencer

operating cycle.
Check for simulation end, If IENDF = 1, STOP

If T > TEND or If SIMEND > O, set IENDF = 1 and make one last pass
through each of the modules.

Increment simulation time, and correct for roundoff error.

T = T + DT

2-18



(6) Output

(a} Print

FORTRAN unit number: OFJLE = 6
If T = 0, write '***START SIMULATION®****

At end of simulation, write '#***SIMULATION COMPLETE AT (T at end) SEC!

(7) Subroutines Called

No subroutines are called.

2«19
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8 2.3.2 INTERIM TRAJECTORY MODULE (TRAJ)

(1) General Description

This module is a replacement module for the old trajectory module,
the latter of which interfaces the AFAL PROFGEN (profile generator) pro-

gram with the INS Simulator. It is used to generate test case trajectory

e et A A PR AN SR G EES T

data in the absence of the PROFGEN program. Essentially, the function
of this module is twofold:

o The generation of properly coordinated dynamic data to drive
the simulated gyro, accelerometer, and altimeter hardware

modules.

e The provision of navigational reference information (viz.,
"true" position and velocity and attitude) to evaluate the
performance of the entire system.

(2) Trajectory Module Flow Diagram

The general logic flow of the TRJ module is shown in Figure 1.

An expanded diagram of the Print Module and print control is in=~
cluded in Section 2.2 of Volume III.

(3) Input

{a) Module Initialization File (IFILE)

FORTRAN unit number: 20
FORTRAN format: 1I5, F20.10

Index Variable Dsﬁi:it Units Description
pr 0.01 8 module operating frequency
PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)
ouTSW 0.0 logical not used

2-20
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1
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- STORE ANGULAR
BODY RATES FROM
PREVIOUS PASS

Figure 1.
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N

800

COMPUTE TRANSFORMA-
TION MATRICES

1. EARTH-TO-NORTH POINTING
PLATFORM QPE

2. WANDER PLATFORM-TO-BODY
QBC

3. INERTIAL-TO-EARTH
QEI

4. NORTH-POINTING-TOQ
gegDER PLATFORM

. INERTIAL-TQ-BODY
QBI = QBC QCP QPE QEI

(&

600 ¥

1 17200

TRANSFORM INITIAL
SPECIFIC FORCE AB
AND COMPUTE ANGU-
LAR RATE WB IN BODY

NO @ YES

TRANSFORM SPECIFIC
FORCE AB AND COM-
PUTE ANGULAR RATE
WB IN BODY FRAME

FRAME
!

i

ADD INITIALIZATION
TO PHYSICAL FILE

MODULE PRINT CGNTROL
(see Figure 1,

Vol. III, Sec. 2,2

Y
WRITE
PHYSICAL
/ FILE ]

UPDATE TIME
TTRI = T + DT

PRINT
INITIALIZATION

DATA ,

( RET'URN )

SET INITSH = 1
TIRJ = T+ DT

e RTIRY )

Figure 1.

Trajectory module (sheet 2 of 2).
Vol 111, Sec 2.3.2
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Befault

Index Variable value Units Description
. 4 XFILE 6 logical FORTRAN unit number for
printout
5 ILAT 0.0 deg initial latitude
6 ILONG 0.0 deg initial lonyitude
7 IALT 0.0 ft iritial altitude above sea
level
8 IVEL(l) 0.0 ft/s initial velocity (VX)=-EAST
9 IVEL(2) 0.0 ft/s initial velocity (VY)-NORTH
= 10 IVEL(3) 0.0 £t/5 initial velocity (Vz)-Up
b
3 11 IPITCH 0.0 deg initial pitch angle
% 12 IYAW 0.0 deg initial yaw angle
%i 13 IROLL 0.0 deg initial roll angle
i 14 MODPDT 6.0 s module print interval
%S 15 IWANDR 0,0 deg initial wander angle

(b) Common Initialization File (PFILE)

FORTRAN unit number: 7
FORTRAN format: 1I5, F20.10

Index variable Dsﬁizét ~ Units ' 'ﬁesctiption
1 WE 0.7292115147E-04 rad/s earth rotation rate
tg, ' 2 RB 20925640,0 ft ecarth radius
;E 3 G 32.2 fe/s2 nominal gravity
? 4 ERNTDT | 6.0 s printing frequency

5 LAT 0.0 ~ deg initial latitude




Index

10
u

12
13
14

- 15

17
18

19

Variable

LON

WANDER

ROLL
. PITCH
YAW

RDOT
PDOT

¥YDOT

VEL()

VEL(2)

VEL(3) -

Ay

aB(2)

~ AB(3)

Default
value

0.0
0.0

0.0

0.0
0.0
0.0

.0
0.0
0.0
0.0
e
0.0
’ 0.0
0.0

0.0

' ft/s

Units

deg
deg

ft

deg
deg
deg
wnd/s

rad/s

rad/s

f£t/5

fg/sv.f

:'ft/ﬁg

2-24

- 2
ft/s

| O

£t/s

Description

initial longitude
initial wander angle

initial altitude above sea
level

initial roll angle
initial pitch angle
wnitial yaw angle

first tiwe derivative of
roll

firét time derivative of
pitch

first time da:ivative of

yaw .

initial east velééity

Cwrt tho earth (VX)

Cinitial north velocity
- wrt the earth (V¥)

dnitial up velogity wrt

the earth (Vi)

longitudinal spocific
force in body frame (AX)

lateral specific force:
in body frame (AY)

noxmal spocific force
in body fxame (AZ2)

[ RPN
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2.3.3 ENVIRONMENT MODULE (ENV)

(1) General Description

The function of the ENV module is to simulate the random vehicle
dynamics (¢.qg., translational awccleration and angular rates) from
sources such as air turbulence. The algorithm used in this module takes
a statistical representation, in the form of power-spectral densities
{(PSDs), of linear and angular displacement vibrations, then computes the
appropriate random displacements (linear and angular) as functions of
time. The algorithm's numerical differentiation of the suitable random
displacement function—twice for translational acceleration, once for
angular rate—effectively simulates these random vibrations. As outputs
of the ENV module, the translational and angular vibrations are subse-
quently used, in combination with the dynamics transferred by the tra-

jectory module, as the forcing functions of the INSS systemn.

Although the nominal (default) initialization file for this module
uses the PSD characteristics of a typical low-altitude B-1 (1-ft/s qust
atandard deviation) mission (sensed in the forward avionics bay randome) ,
the user may establish alternative PSD envelope characteristics in this
file. An additional feature of this module is a vibration on/off switch
(VIBSW), whose value is specified in the initialization file (defaulted
to the "off" position). When vibration considerations are necessary,
simulations require approximately twice as much computer time as would

be the case if the ENV module were bypassed.

(2) Fnvironment Module Flow Diagram

The qgeneral logic structure of the ENV module is displayed in
Figurce 1. Intornal checks indicating cither that the simulation ter-
mination time has been reached or that insufficient time has clapsed
for the next iteratien cycle will force an immediate return to the main
(sequencer) progqram. If the vibration switch is set to the off posi-

tion (VIBRSW = 0), the only calculation performed before returning control
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VIBRATIONS

YES

CALCULATE LINEAR
AND ANGULAR
DISPLACEMENT
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Y
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500
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!
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!
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INITIALIZATION
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Figure 1,
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to the sequencer is the determination of the inertial angular-acceleration
components in the body frame. The first initialization pass through this
module (INITSW = 0) causes the initialization (IFILE) and physical (PDATA)
data files to be read, coefficients of the difference equations to then
be calculated, and initialization variables to be written before finally
returning to the sequencer's control. The calculations invoked by sub-
sequent passes through this module are shown in the accompanying flow

chart (see Figure 1),

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 30
FORTRAN format: IS5, F20.10

Index Variable Default Value Units Description
1 DT 0.01 s module operating frequency
2 PRNTSW 1.0 logical print switch (0 - no print,
) otherwise print)
3 OUTSW 0.0 logical not used
4 XFILE 6.0 logical FORTRAN unit number for printout
5 s(1) 4.0 unity normal Linear
. number .n a
6 S(2) 3.0 unity ¥ o peaks| lateral d}spla?ement
vibration
. for each
7 s(3) 0.0 unity { ogp (5 longitudinal
. ‘peaks
8 s(4) 3.0 unity per PSD pitch
. anqular
9 s(5) 4.0 unity maximun ; a isplacement
: allowed) yaw . .
vibration
10 s(6) 1.0 unity roll

2=27



Variables 11 - 40 are peak amplitudes of the six vibration PSD plots, with

up to five peaks per plot allowed in the program.
PSD plots normalized to unit wind gust intensity.

Index

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

variable

PARMAP (1)
PARMAP (2)
PARMAP (3)
PARMAP (4)
PARMAP (5)
PARMAP (6)
PARMAP(7)
PARMAP (8)
PARMAP (9)
PARMAP (10)
PARMAP (11)
PARMAP (12)
PARMAP (13)
PARMAP (14)
PARMAP (15)
PARMAP (16)
PARMAP (17)
PARMAP (18)
PARMAP (19)

PARMAP (20)

Default Value

136031.E-9
15488.E-9
1615.E-9
17.5e-9
0.0
10304.E-9
59.E-9
3.08E-9
0.0
0.0

0.0

0.0
262000.E-12
64088.5E~12
13226.E-12

0.0

0.0

Units

ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
ftz/Hz
.ftz/Hz
ftz/ﬂz
ftz/Hz
ft2/Hz
ftz/Hz
radz/ﬂz
radz/ﬁz
'radz/Hz
radz/ﬁz

radzlﬂz
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These amplitudes are for

Description

normal-
linear
displacement
vibration

lateral-
linear
displacement
vibration

longitudinal-
linear
displacement
vibration

pitch-
angular
displacement
vibration
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Index

3l

32

33

34

36

37

38

39

40

Variable

PARMAP (21)
PARMAP (22)
PARMAP (23)
PARMAP (24)
PARMAP (25)
PARMAP (26)
PARMAP (27)
PARMAP (28)
PARMAP (29)

PARMAP (30)

Default Value

241902.5gE-12
24001.5E-12
288.5E~-12
41.E-12

0.0
72.E-6

0.0

0.0

0.0

0.0

Units

radz/Hz
radz/Hz
radz/Hz
radz/Hz
radz/Hz
radz/Hz
radz/Hz
radz/Hz
radz/Hz

radz/Hz

Description

yaw-

angular
displacement
vibration

roll-
angular
displacement
vibration

Variables 41 - 70 are half-bandwidths of PSD peaks.

41

42

43

44

45

46

47

48

49

50

PARMWH (1)
PARMWH (2)
PARMWH (3)
PARMWH (4)
PARMWH (5)
PARMWH (6)
PARMWH (7)
PARMWH (8)
PARMWH (9)

PARMWH (10)

3.0

3.0

6.0

4.0

0.0

3.5

8.0

6.0

0.0

0.0

rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
raé/s
rad/s
rad/s

rad/s
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normal-
linear
displacement
vibration

lateral-
linear
displacement
vibration



Index

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

Vvariable

PARMWH (11)
PARMWH (12)
PARMWH (13)
PARMWH (14)
PARMWH (15)
PARMWH (16)
PARMWH (17)
PARMWH (18)
PARMWH (19)
PARMWH ( 20)
PARMWH (21)
PARMWH (22)
PARMWH (23)
PARMWH (24)
PARMWH (25)
PARMWH (26)
PARMWH (27)
PARMWH (28)
PARMWH (29)

PARMWH (30)

Default Value

0.0

0.0
0.0
3.3
2.0

6.0

0.0
3.0
5.0
9.0
3.0
0.0

2.0

0.0
0.0

0.0

Units

rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s
rad/s

rad/s
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Description

longitudinal-
linear
displacement
vibration

pitch-
angular
displacement
vibration

yaw-

angular
displacement
vibration

roll-
angular
displacement
vibration



Variable 71 - 100 are center frequencies of PSD peaks.

Index Variable Default value Units Description

71  PARMO(1) 13.5 rad/s A

72 PARMO(2) 21.0 rad/s
normal-

73 PARMO(3) 32.3 rad/s % linear
displacement

74  PARMO(4) 61.5 rad/s vibration

75  PARMO(5) 0.0 rad/s /

76  PARMO(6) 16.0 rad/s )

77  PARMO(7) 34.0 rad/s lateral~-
linear

78  PARMO(8) 68.0 rad/s > displacement
ibrati

79 PARMO(9) 0.0 rad/s vibration

80  PARMO(10) 0.0 rad/s /

81 PARMO(11) 0.0 rad/s \

82 PARMO(12) 0.0 rad/s
longitudinal-

83  PARMO(13) 0.0 rad/s >. linear
displacement

84 PARMO(14) 0.0 rad/s vibration

85 PARMO(15) 0.0 rad/s )

86  PARMO(16) 13.5 rad/s )

87  PARMO(17) 21.0 rad/s pitch-
angular

88  PARMO(18) 32.3 rad/s ?  aisplacement
vibration

89 PARMO(19) 0.0 rad/s

90 PARMO (20) 0.0 rad/s /
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Index Variable Default Value Units Description

91 PARMO(21) 3.0 rad/s )
‘ 92  PARMO(22) 15.0 rad/s yaw-
% angular
% 93  PARMO(23) 33.0 rad/s > displacement
! ibrati
| 94  PARMO(24) 67.8 rad/s vibration
95  PARMO(25) 0.0 rad/s )
96  PARMO(26) 2.0 rad/s \
97  PARMO(27) 0.0 rad/s roll-
. angular
98  PARMO(28) 0.0 rad/s > displacement
99 PARMO(29) 0.0 rad/s vibration
100 PARMO(30) 0.0 rad/s /
101 MODPDT 6.0 logical module print interval
102 VIBSW 0.0 logical wvibration switch (0 ~ module
_ bypassed)
, 2,2
; 103 GUSTLA 1.0 £t%/s ,
i 2 2 \ _.lateral wind-gust
; 104 GUSTLO c.0 ft /s longitudinal intensity
: 2 3 normal . variable
i 105 GUSTNR 1.0 ft7/s ‘
: (b) Common Initialization File (PFILE)
i FORTRAN unit number: 7
* FORTRAN format: IS5, F20.10
Index Variable Default Value Units Description
1 WwE 0.7292115147E~4 rad/s . earth rotation rate
2 RE 20925640.0 £t earth radius
]
3 1¢] 32.2 ft/s2 nominal gravity
4 PRNTDT 6.0 8 printing freguency
5 PBUF(1) 0.0 —————— not used
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(4) call-Line Data

TNPUT
(T, IENDF, AB, WB,

0 A SR S IS R R R

_ABB, WBB, WBBDOT
v

(a) cCall-Line Input 7 OUTPUT
Variable Units Data Type
T s REAL
IENDF logical INTEGER
AB ft/s> REAL
WB rad/s REAL

(b} Call-Line OQutput

Variable Units Data Type
ABB ft/52 REAL
WBB rad/s REAL
WBBDOT rad/s? REAL

(5) Pormulation

(a) Initialization Function

Description
current simulation time
last~pass indicator

specific-force vector in body
frame

angular rate vector of body wrt
inertial space in body frame

Description

specific-force vector in body
frame with vibration

angular rate vector of body wrt
inertial space in body frame
with vibration included

angular acceleration vector of
body wrt inertial space in body
frame with vibration included

The switches INITSW, IN1l, and IN2 are initialized to zero in DATA

statements. The following functions are performed on the first pass,
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if INITSW = 0 and IENDF = O, and the module operating cycle time
has elapsed.

e Read and print initialization file (IFILE).
¢ Read common initialization file (PFILE).

. ® Set OFILE = XFILE.

In order to calculate the coefficients of the difference equation
form of the solution of the normal state space equation (Vol.-II, Sec. 4
for a theoretical discussion), the following (up to 30) terms are com-
puted for no more than five allowable PDS peaks for each of three linear
(normal, lateral, or longitudinal) and three angular (pitch, yaw, or roll)

displacement vibration types.

The number of PSD peaks are specified by S(J), where subscript J
identifies the displacement vibration type.

The first term in each of two uncorrelated, zero mean, unity vari-
ance Gaussian random sequences, ETA and ZETA, are computed for each of

the possible 30 PSD peaks.

Then, the following variables for each of the K-PSD peaks (S PSD's
times 6 displacement types) are defined, First, multiply the PSD peak:
amplitude per unit wind-gust intensity by gust intensity variance product

corrected for units.
AP = 21 * PARMAP(K) * GUST(J)

where
J = 1 to 6 for the six displacement vibration types
with
GUST(l} = GUSTNR, the normal=-linear vibration,
GUST(2) = GUSTLA, the lateral=-linear vibration.

GUST(3) = GUSTLO, the longitudinal-linear vibration,
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GUST(4)
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GUSTNR, the effect on pitch~angular vibration of
the normal-linear vibration.

R

: lateral-linear vibration.,

: GUST(5) = GUSTLA, the effect on yaw-angular vibration of the
) lateral-linear vibration,
: GUST(A) = GUSTLA, the effect on roll-angular vibration of the

Then, define the half-power bandwidth to central frequency ratio
of each PSD peak

A = WH/WO
where

WH = PARMWH (K)

L]

WO PARMWO (X)
Now, the undamped natural frequency is

WN = wo*(z -1 - A2/2)2)l/4

The damping ratio is

E = (1~ (o Zs2)l/?
and the filter gain is
F oo (1-0-20%%)m
Initialize the displacements of previous pass for the K-PSD peaks as

X1PRV(K) = 0.0

X2PRV(KR) = 0,0
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Calculate the resonant frequency

WR = WN*(l-E2)1/2

For convenience and economy of notation, the following variables

are defined
Z = E"WN
El = EXT(~2%2*DT)

C = ASIN(E)

u = (1~ El)/(4*Z*WR2)
+ (E1*(2*COS (2*WR*DT)- WR*SIN(2*WR*DT)))/ (4*WN2*WR2)
- E/(4*WN*WR®)

R = (1= EL)/({4*E*WR%) /W)
= (EL* {2 *COS (2*WR*DT + 2%C) - WR*SIN(2%WR*DT + 2*%C)))/4*Wr%)
+ (2%COS(2%C)= WR*SIN(2*C))/ (4*WR%)

V = (EL - 1)*SIN(C)/(4*E*WRY)
= (E1? (Z*SIN(2*WR*DT + ) + WRACOS (2*WR*DT + c)))/4*wu*wa2)
+ (WR*COS (C)+ 2Z*SIN(C))/ (4*wu*wa2)
Finally, the required coefficients of the difference equation form
of the solution of the normal state space equation are computed. For

each PSD peak the set of coefficients computed is

B = (| U= /R))) Y2 ap a2
u a (V/Rl/z)‘Fl/z*an
SN V2 0 V- J

P12 & (SIN(WR*DT)*EXP(-2*DT))/WR
P22 = COS(WR¥DT)= (2/WR)*SIN(WRYDT)*EXP (-2*DT)
Pll = 2#2%*pl2 + P22

p2l = -WNZ*PIZ
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where B, H, P are the coefficients of the noisé'terms ETA and ZETA

.and P11, P12, P21, and P22 are elements of the transition matrix.

The K'th set of coefficients is stored as the K'th elements in a

set. of coefficient array variables.

COEF1(K)

il
[+2]

COEF2 (K)

[}
2}

COEF3(K) = P

COEF4(K) = P12

n

‘COEF5 (K) p22

COEF6(K) = P11

COEF7(K) = P2l

Now set the specific force, the body 1nertial-angular'ra§e, and
the body inertiale-angular acceleration in the body frams as -
WBB = WB

ABB = AD

WBBOOT = {0.0, 0.0, 0.0)

PRINT out the initialization data,
Set INITSW = 1 and increment the simulation time

*
.

TENV = ¢ + DT

and return to the main program.
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(b) General Function

If the vibration switch

ViBsWw < O
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then the vibration computation is bypassed and the inertial angular
rate of the previous pass is defined as

WBBOLD = WBB

and then

WBB = WB
ABB = AB
WBBCOT = (WBB - WBBOLD)/DT

The results are printed, the simulation time is incremented

— -

TENV + DT

And there is a return to the main program.

If the vibration switch
VIBSW > 1

The module generates sequences of random numbers ETA and ZETA, to

force the linear difference equations, and Y is initialized to zero
for each of the PSDs.

The random processes X1(I) and X2(X) are generated for each of

the I spectral density peaks for each single displacement vibration type

X1(I) = P1lPXIPRV(I) + P12*X2PRV(I) + H*ETA + B*ZETA

X2(I) = P2PXIPRV(I) + P22*X2PRV(I) + P*ETA
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and solved for the random process, X1(I). On the first pass after
initialization, when IN2 = 0, each value of X1(I) is divided by the
module operating frequency to obtain a velocity, and that velocity

is summed over the power spectral density peaks in a summation on the
index variable I

Y = Y 4+ X1(1)/DT
On succeeding passes, the above summation is replaced with
Y = Y + (X1(I) - X1PRV(*))/DT
The Y variable is controlled in a summation with index J which identifies
the J'th value of Y as the J'th vibration type. The J'tl. value of Y is
inserted as the J'th element of the array variable RAND via

RAND(J) = Y

for each of the six displacement vibration types.

The values X1(I) and X2(I) are stored in array variables repre-

senting the previous values for the next solution loop

X1PRV(K) = X1(I)

X2PRV(K) = X2(I)

and IN2 is set to 1. This completes the vibration generation.

Now the environment output, angular rates, and specific forces,
which include vibration~-induced motions, are calculated. First, set

the body angdlar rate with vibrations from previous pass to

WBBOLD = WBB
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Then, the three linear-displacement vibrations
DELVB = first three components of RAND
Now, compute the change in specific force due the vibration
DELAB = (DELVB - DELVBP) /DT

where DELVBP is the DELVB of the previous pass.

Now redefine
DELVBP = DELVB

the DELVBP as the BELVB of the previous pass for the next pass,

The three angular-displacement vibrations are defined as
DELWB = last three components of RAND

i.e., the angular~displacement vibrations of pitch, yaw, and roll,

respectively.

The components of the angular-displucement (pitch, yaw, and roll)

vibrations are added to the angular rates in the body frame

WBB(l1) = WB(l) + DELWB(3)
WBB(2) = WB(2) + DELWB(1)

WBB(3) = WB(3) + DELWB(2)
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The transformation matrix that establishes the turbulence-induced
change in body attitude is computed from

) ' q
! (DELWB (2) (DELWB (1)
l.0 ' '
0 + DELWBP (2)) /2T, + DELWBP (1)) /2DT)|
]
!
* ! !
OBBCHG = - (DELWB(2) ! (DELWB (3)
| 1.0 1
+ DEWBP(2)) /2DT ! + DELWBP (3)) /2pT
! !
1 [}
(DELWB(1) ~(DELWB(3) !
]

1.0

+ DELWBP(l))/ZDT: + DELWBP(3)) /2pT
]

-~

where the terms of the matrix are the vibration~induced rate, and its

previous pass value averaged and used over the time increment.

Then, the total change in body attitude is given by
* * *
QBB = QBBCHG * QBBPRV

* *
where QOBBPRV = QBB of the previous pass. On the first pass after
initialization

* *
QBBPRV = I

from a computation time initialization.

The terms of the vibration-induced angular rate, DELWB, from the
current pass are stored as DELWBP

DELWBP = DELWB
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*
Now, the attitude matrix, QBB, is orthonormalized. First, compute
*
the cross-product matrix, QTQ,

T

* 3 * *
QTQ = ("I - OBB * OBB) /2

*
where I is the identify matrix.

*
Orthonormalization of QBB is complete with the computation

*

* *
QBB = QBB * QTQ

Next, the rotated specific force is computed

and the nominal gravity times the linear-displacement vibrations for
longitudinal, lateral, and normal displacements are added -to

the body frame components of the specific force without vibration

ABB(1) = ABB{(1l) + DELAB(3)*G
ABB(2) = ABB(2) + DELAB(2)*G
ABB(3) = BABB(3) + DELAB(1)*G

* *
The attitude matrix, QBB, of the current pass is stored as QBBPRV
for use in the next pass.

* *
OBBPRV = OBB

Finally, the angular accelerations, WBEEbT, are calculated
WBBDOT = (WBB ~ WBBOLD) /T

Output is printed, and the simulation time is incremented

TENV = T + DT

and there is a return to the main program.
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(6) Oatput

(a) Print
FORTRAN unit number: OFILE = 6

On the initialization pass, the title, "ENVIRONMENT INITIALIZATION"
and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed
output ic, as follows:

Variables Units Description
AB ft/52 specific-force vector in body
frame without vibrations

WB rad/s angular-rate vector in body
frame without vibrations

ABB rad/s specific-force vector in body
frame with vibration included

WBB rad/s angular-rate vector in body
frame with vibration included

J— 2 .

WBBDOT rad/s angular-acceleration vector in
body frame with vibration
included

(7) Subroutines Called (see Section 2.3.15)

MXv

matrix by vector product

MXM

matrix multiplication
MTXM = matrix transpose by matrix product
GAUSS(AM,SD} = Gaussian random number generator

function with mean, AM, and
standard deviation, SD.
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2.3.4 GYRO MODULE (GYROS)

(1) General Description

The GYRO module simulates the performance of three conventional
single-degree-of-freedom (SDF) rate integrating gyros. Instrument
kinematics are modeled on the basis of one of three available (user-
specified) differential equations: a "performance" model (without
gyro inertia or damping terms); a first-order differential equation
(with only gyro damping); and a second-order differential equation
(with both gyro damping and inertia). Also simulated in this module

are the following gyro sensitivities:
e Acceleration sensitivity (both g and g-squared terms).
e Instrument misalignments.
e Anisoinertia.
e Output-axis coupling.
® OQuantization levels.
e Scale-factor errory (hoth positive and negative).

e Scale-factor-error rate sensitivity (both positive and
negative) .

e Bias.
e Bias transient at turn-on.
e PRandom bias (exponentially correlated).

Although the user may select any alternate gyro parameters by modifying
the attendant initialization data file, the nominal (default) parameters
used by this module correspond to the CSDL 18 IRIG Mod B gyro in an

analog rebalance loop.

(2) Gyro Module Flow Diagram

The general flow logic of the gyro module is illustrated in
Figure 1.
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QUTPUT, SPIN)

l

TRANSFORM FROM BODY
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COORDINATES (INPUT,
OUTPUT, SPIN)

%

TRANSFORM FROM BODY

COORDINATES TO Z GYRO

COORDINATES ({TNPUT,
OUTPUT, SPIN)

4

IF THIS IS THE FIRST
PASS, INITIALIZE THE
FLOAT OFFSET ANGLES

AND SET WBDOT(2) = 0

Figure 1.

¥

READ
INITIALIZATION
FILE

/
RETURN ) ‘

READ PHYSICAL
DATA FILE

&

WRITE
INITIALIZATION
DATA

l

CONVERT
INITIALIZATION
DATA TO PROPER

UNITS

@
(. ren )

Gyro Module (sheet 1 of 2).

Vol III Sec 2.3.4
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BIAS

VARIANCE

(BIASV,K11)

NONZEROQ
?

CALCULATE
EXPONENTIALLY
CORRELATED
RANDOM BIAS

NORDER = 2 WHICH MODEL NORDER 1
SECOND ORDER IS SPECIFIED FIRST ORDER
DIFF. EQ. ? DIFF. EQ.
PERFORMANCE [MODEL . 700
750 NORDER = 0
CALCULATE FLOAT CALCULATE FLOAT CALCULATE FLOAT
OFFSET ANGLES OFFSET ANGLES OFFSET ANGLES
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L
800

MULTIPLY BY SCALE
FACTOR ERRORS

i
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FLOAT OFFSET ANGLE

'

INTEGRATE INPUT
ANGIF

'

IF PRINT
CONTROLS ARE SET,
PRINT INTEGRATED
INPUT ANGLE

'
(_remv )

Figure 1. Gyro Module (sheet 2 of 2).

Vol III, Sec 2.3.4




(3)

Index Variable

8-12

13

14

15

16

i8

19

20

21

Ingut

(a) Module Initialization File (IFILE)

FORTRAN unit number:
FORTRAN format:

DT

PRNTSW

ouTSwW
XFILE
SPAREL
SPARE2

Cco

QGBX (1)
QGBX(2)
QGBX(3)
0GBX (4)
QGBX(5)
QGBX(6)
QCBX(7)
QGBX (8)

QGBX(9)

40
I5, F20.10
Default Value Units
0.01 s
1.0 logical
0.0 = —ee———-
6.0 logical
0.0 = ==me——-
0.0 = —m—=e--
7000000.0 dyn-cm/
rad/s
1.0 unity
0.0 unity
0.0 unity
0.0 unity
0.0 unity
1.0 unity
0.0 unity
-1.0 unity
0.0 unity
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Description

module operating timestep

print switch (0 - no print,
otherwise print)

not used
FORTRAN unit number for printout
not used
not used

gyro damping coefficient

not used

X-gyro transformation matrix
from body coordinates to gyro
(input, output, spin) coordinates



Index Variable Default Value Units Description

22 QGBY(1) 0.0 unity \ ’
23 QGBY(2) 1.0 unity
24  QGBY(3) 0.0 unity
25 QGBY(4) 1.0 unity
Y-gyro transformation matrix
26 . QGBY(S) 0.0 unity from body coordinates to gyro
(input, output, spin) coordinates
27 QGBY(6) 0.0 unity
28  QGBY(7) 0.0 unity
29 QGBY(8) 0.0 unity
30 QGBRY(9) -1.0 unity /
31 QGBZ(L) 0.0 unity \
32 QGBz(2) 0.0 unity
33  QGBz(3) 1.0 unity ’
34 QGB7Z(4) 1.0 unity
Z~gyro transformation matrix .
35 QGBZ(S5) 0.0 unity from body coordinates to gyro
(input, output, spin) coordinates
36 QGBzZ(6) 0.0 unity
37 QGBZ(7) 0.0 unity
38 QGRZ(8) 1.0 unity
39 QGBRz(9) 0.0 unity
40 H 151000.0 gm—cmzls angular momentum of gyro wheels
L 5 R ——— eeecew- not used
42  QUANT 0.00007 arcsec quantization level of digitized

change in angle
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Index Variable
43  BIAS(l)
44 BIAS(2)
45 BIAS(3)
46 K
47 I
48 DELI
49 —e—ee--
50 KI(1)
51 KI(2)
52  KI(3)
53 Ko (1)
54 KO(2)
55 KO(3)
56  KS(1)
57 Ks(2)
58 KS(3)
59 KII(1)
60 KII(2)
61 KII(3)
62 XSS (1)
63 “KSS(2)
64 KSS(3)

i

Default Value

-0.31

-0.31

-0.31
3100000000.0

226.0

1.12

1.12

1.12
-0.032
-0.032
-0.032
-0.62
-0.62

-0.62

0.0

0.0

-0.030
-0.030

-0.030

Units
deg/h

deg/h

deg/h

gm--cmz/s2

2
gm=-cm

2
gm=-cm

deg/h/g

deg/h/g

deg/h/g
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Description
X-gyro
Y~-gyro bias levels
Z-gyro

rebalance loop elastic restraint

gyro output axis moment of
inertia

gyro spin axis minus input axis
moment of inertia

not used

X-gyro
input axis
acceleration-sensitive
coefficients for

Y-gyro
Z-gyro

X-gyro
output axis
acceleration-sensitive
coefficients for

Y-gyro
Z-gyro

X-gyro
spin axis
acceleration-sensitive
coefficients for

Z-gyro

; Y~-gyro
. . : . - (o]
input axis x input axis X gy
acceleration-squared
sensitive coefficients

for

Y-gyro
Z~-gyro

Y~-gyro
spin axis x spin axis
acceleration-squared
gensitive coefficients
for

Y-gyro

Z-gyro
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Index Variable

65

66

67

8

69

70

71

72

73

74

75

76

77

78

79

80

81

82

KI0(})
K10(2)

KIO(3)

KIS(1)
KIS (2)
KIS (3)
KOS (1)
KOS {2)

KOS (3)

BIASV(1l)
BIASV(2)
BIASV(3)
SFP0O(1)
SFPO(2)
SFPO(3)
SFMO(1)
SFMO(2)

SFMO (3)

Default value
o'o
0.0

0.0

0.21

0.21

0.21
-0.0075
-0.6075

-0.0075

0.0

0.0

0.0
-20.0
-20.0
-20.0
-54.0
-54.0

-54.0

Units

deg/h/g2
deq/h/g>
deg/h/g2

2
deg/h/g
deg/br ,-’92

2
deg/h/g

deq/h/g>
deg/h/q’

deg/h/q2
(deg/h)2
(deg/h)2
(deg/h)2
ppm

ppm

pbpm

ppm

ppm

ppm
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Description

X-gyro
input axis x output axis Eb
acceleration-squared

sensitive coefficient
for

Y-gyro

2~-gyro

acceleration-squared Y-gyro
sensitive coefficient

for

X=-gyro
input axis X spin axis
Z-gyro

acceleration-squared Y-gyro
sensitive coefficient

for

X-gyro
output axis x spin axis
Z2-gyro

(exponentially corre-

Y=-gyro
lated) tor

X-gyro
variance of random bias
Z-gyro
X-gyro
positive scale-factor
errors for Y-gyro
2-gyro
errors for Y-gyro

X-gyro
negative scale-factor
Z-gyro



Index

83

84

85

86

87

88

89

90

94

95

96

97

variable

MODPDT

ORDER

TRANSL (1)
TRANS1 (2)
TRANSL (3)
TéANTC(l)
TRANTC (2)
TRANTC (3)
SFPI(1)
SFPI (2)
SFPI(3)
SFMI(1)
SFMI (2)
SFMI (3)

BIASTC

Default value Units
6.0 S
0.0 logical
0.0 deg/h
0.0 deg/h
0.0 deg/h
200.0 s
200.0 s
200.0 s
0.0 ppm/rad/s
0.0 ppm/rad/s
0.0 ppm/rad/s
0.0 ppm/rad/sl
0.0 ppm/rad/
0.0 ppm/rad/ )
40.0

Description

module print interval

order of differential equation
model (0 = performance model,
1l = first-order differential

equation, 2 = second-order

differential equation)

exponential decay
turn-on bias
initial values for

exponents decay
turn-on bias
time constant for

positive
scale~factor errors
varying with rate for

negative
scale-factor errors
varying with rate for

exponentially correlated

X-gyro
Y-gyro

Z-gyro

- X-gyro

Y-gyro
Z-gyro
X~-gyro
Y-gyro
Z-gyro
X-gyro
Y-gyro

2-gyro

random

bias time constant {must be

nonzero)

{b) Common Initialization File (PFILE)

FORTRAN unit number: 7

FORTRAN format:

15, F20.10



Index

(4)

Variable

Default value Units Description
WE 0.7292115147E-4 rad/s earth rotation rate
RE 20925640.0 ft earth radius
G 32.2 ft/s2 nominal gravity
PRNTDT 6.0 s printing frequency
PBUF (1) 0.0 ———— not used
Call-Line Data
INPUT
(T, IENDF, WBB, WDOT, ABB,
DTHETA )
N, A’
OUTPUT
(a) Call-Line Input
Variable Units Data Type Descriptinn
T s REAL current simulation time
IENDF logical INTEGER last-pass indicator
WBB rad/s RERL angular rate vector of
body wrt inertial space
in body frame with
vibration included
WDOT rad/s> REAL angular acceleration
vector of body wrt
inertial space in body
frame with vibration
included (WBBDOT)
ABB ft/s2 REAL specific force in

2-52

body frame with
vibration included



(b) cCall-Line Output

Variable Units bata Type Description

DTHETA rad REAL quantized integral of angular
rate about X, Y, 2 gyro input
axes over the computation

cycle, plus errors

(5) Formulation

(a) Initialization Function

The switch INITSW is initialized to zero in DATA statement. The
following functions are performed on the first pass, if INITSW = 0 and

‘TENDF = 0 and the module operating cycle time has clapsed.
e Read and print initialization file (IFILE).
e Read common initialization file (PFILE).

e Set OFILE = XFILE
and NORDER = ORDFR.

e Convert initialization data to computational units

STO =  SFPO*1.E-6

SP1 = SFP] *1.E-6

SM1 = SFML*1.L-5

SMO = SI'MO*L.E-u
AQUANT = QUANT*1/G.48E5*11/DT/K
EX = EXP(~DT/BINSTC)
co = CO*2.37E-6

DELI = DELI*2.37E-G

K =  K%2,37B-06

I = I*2.37E-6

DTT « DT/T

H a  H*2.37E-6
PRANS1 = ‘TRANS1%*4,R6E-6

a—— ——— la]
BIASA =  (BIASV*(1l - 1-:x“))1/2*4.851-‘.-6

BIAS = RIAS*4.4HE-6
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L,

In addition to converting to computational units, the following
variables are tested and the switches K1l and K12 (which were initialized

to zero in the DATA atatement) are reset.

If BIASV ¥ O, set K11 = 1
If KI ¥ 0, set K12 = 1
If KO # 0, set K12 = 1
If KS ¥ 0, set K12 - 1

If KITI # O, set K12 = 1
If XSS # 0, set K12 = 1
IF KIO # 0, set K12 = 1
KI = KI*4.85E-6/G = 1
KO = KO*485E-6/G = 1
KS = KS*4.85E-6/G = 1
KII = KII*4.858-6/G° = 1
KSS = KSS*485E-6/G° = 1
KTO = KIO*4.85E-6/G> = 1

Initialization is now complete, INITSW is set to 1, and the simula-

tion time is incremented

TGYR = T + DT

Now, the routine returns to the main program,

"(b) General T'unctions

The followinq functions are performed every module operating cycle.

The quantized integrated change in the input angle of the X, Y,
2-qyros, THETA, is computed in turn,

First for the X-gyro, when Il = 1, the coordinates of 3specific
force, angular rate, and angqular acceleration are transformed from

(XY2) body coordinates to (I0OS) gyro coordinates



— * —
ABG = (GRX * ABB

*
WBG = QGBX * WBB
WBDOT

i

* -
OGBX * WDOT

Similarly for the Y-gyro, when Il = 2

—_— * -—
ABG = OGBY * ABB
— %* -—
WBG = QGBY * WBB
— * —
WBDOT = OGBZ * WDOT

and for the Z-gyro, when Il = 3

— * —
S, ABG = OQGBZ * ABB
S — * —_
\x\WBG = OGBZ * WBB
_ * —_
WBDOT = QOGBZ * WDOT

Now, for tyros X, Y, and 2, when I1 = 1, 2, and 3 respectively,

the following terms are calculated.
If on the first pass after initialization (K10 = 0), set
WBDOT (2) = 0.0
and the output axis value

THETA(Il) = WBG(1l) * H/K

where WBG(1l) is the angular rate along the input axis.

The bias levels are now calculated. Fisrt, if the bias variance
is zero, BIASV(I1l) = 0.0 (K11l = 0). Then, the random number generaticn

is bypassed, and the random bias is set to the bias level

BIA = BIAS(Il)



Otherwise, a Gaussian random number with zero meéan and a standard

deviation equal to BI = BIAS(Il) is generated and the exponential

correlated random bias, BIA, is calculated. The value of GBIAS

for the particular gyro from the previous pass (on the first pass

after the initialization, GBIAS = (0.0, 0.0, 0.0) is multiplied

by the exponential function, EX, and added to the random number

GBIAS(Il) = GBIAS(IL1)*EX + GAUSS(AM,BI)

where
EX = EXP(-DT/BIASTC)

Finally, the exponentially correlated random bias is
BIA = BIAS(I1l) + GBIAS(Il)

The single~degree-of-freedom gyro module dynamic equations are
solved for the float offset angles, THETA, for any one of three approxi-

mate forms:

e The performance model when NORDER

0.

e The first-order model when NORDER 1.

]

e The second-order model when NORDER = 2.

See Vol II, Sec 5.1.1 for complete description..

A quantity DEN is defined
2 2
DEN = K + DELI*(WBG(3) - WBG(1)") + H*WBG(3)
where the subscripts 3 and 1 denote the spin and input axes, DEN con-
sists of three torque terms. These terms are the rebalance loop

elastic restraint tcrque, the anisoinertia coupling, and the cross-

coupling torque per unit float offset.
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Further we define M1l consisting of the torque terms: input,

random bias, exponentially decaying turn-on bias, torque due to

Coriolis effects, and output axis angular-acceleration torque

Ml = H*(WBG(l) - BIA + TRANS1 ( I1) *EXP9-T/TRANTC(I1)))

+ DELI*WBG(3)*WBG(l) - I*WBDOT(2)
Additional torque terms in the numerator, denoted by M2 are

computed for acceleration and acceleration-squared sensitive effects,

if any of the coefficients are nonzero or when K12 = 1

M2 = _H*(KI(I1)*ABG(l) + KS(Il)*ABG(3) + KO(Il)*ABG(2)

+ KSS(IL)*ABG(3)2 + KII(I1)*ABG(L)2

+ KIS(I1l)*ABG(l)*ABG(3) + KIO(Il)*ABG(1l)*ABG(2)

+ KOS (I1)*ABG(2)*ABG(3))

Otherwise, M2 = 0.0.

If NORDER = 0, the performance model equation is solved for the
float offset angle, THN

THN = (M1 + M2)/DEN
If NORDER = 1, from the first-order model equation, THN is
THN = THETA(I1l) + DT*(-DEN*THETA(Il) + M1 + M2)/CO
If NORDER = 2, from the second-order model equation, THN is
THN = THETA(Il) + DT*THDOT(Il)

where THDOT(I1) is the previous pass value which is initially zero.
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The term THDOT is calculated for use in the next pass from the expres-
sion

THDOT(I1l) = THDOT(I1l) + (M1 + M2 - CO*THDOT(Il)

- DEN*THETA(Il)) *DTT

Finally, the quantized integral of angular rate about the gyro
input axes, DTEETA, are calculated for the X, Y, or 2 gyro depending
upon the value of the index, Il.

First, the float offset angle is added to the residual output

angle from previous quantization
TTHET(I1) = THN + TTHET(Il)

Scale factor errors are accounted for in the case of positive

offset angle by defining
Tl = 1 + SPO(Il) + SP1(Il)*THN*K/H
or in the case of negative offset angle by defining
Tl = 1 + SMO(I1l) + SM1(Il)*THN*K/H
Using this definition to account for the scale-factor error, the integer

variable,
ITHET = TTHET(I1)/(AQUANT*T1)

is computed. It expresses how many quantum steps of angle, AQUANT,

are contained ITHET and represents the increment in pulse count from
a digital rebalance gyro.

2-58



When forming the intager pulse count, ITHET, any fractional part

of a quantum step is dropped. This fractional part represents a residual

float offset which should be retained for the next computation cycle.

The residual offset angle is retrieved as

TTHET(I1) = TTHET(I1) - TT*T1*AQUANT

where

TT = FLOAT(ITHET) (Keeps the FORTRAN arithmetic in real variables).
The offset angle THN is renamed
THETA(Il1) = THN

for use in the next THN computation.

Now, the desired output from the gyro module, DTHETA, is obtained
for the X, Y, and Z gyros.

DTHETA(I1) = DTHETA(Il) + TT*AQUANT*DT*K/H

The DTHETA is printed and the THETA angle initialization switch

is set to 1, KIO = 1. The simulation time is incremented
TGYR = T + DT

and the subroutine returns to the main program.

(6) OutEut
(a) Print
FORTRAN unit number: OFILE = 6

on the initialization pass the title "GYROSCOPE INITIALIZATION"
and the initialization data are printed.

2-59



. AR W T

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed
output is, as follows

Variables Units Description

DTHETA, rad quantized integral of angular rate
about the X, Y, Z gyro input axes
over the computation cycle, plus
errors

(7) Subroutines Called (See Section 2.3.15)

MXV = matrix by vector product.

GAUSS (AM,BI) = Gaussian random number generator with mean,

AM, and standard deviation, BI,



2.3.5 LASER GYRO MODULE (GYROS)

(1) General Description

The laser gyro module simulates three body mounted laser gyros.

The laser gyro module contains the following error sources: .

® gyro input axis misalignment

e scale factor error

e scale factor turn—-on transient
® gyro bias

® turn-on transient drift

e angular random walk

e white angular noise

e angular quantization
Although the user may select alternate gyro parameters by modifying the
gyro module initialization file (IFILE), the nominal (default) values

are representative of the Honeywell GG1300 laser gyro,

(2) Gyro Module Flow Diagram

Figure 1 is a flow diagram of the laser gyro module. The module
is initialized on the first pass through the routine. The laser gyro
module initialization data file (IFILE) is read at initialization and the
input data is converted into internal program units. The program then
performs the normal module operations. An analytical description of the

laser gyro module equations is given in Volume II, Section 5.2.2,

(3) Input
(a) Module Initialization File (IFILE)

FORTRAN unit number: 40
FORTRAN format: 15, F20.10
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ND OF
SIMULATION

. y
INITIALIZATION

CALCULATE
EXPONENT DRIFT AND
SCALE FACTOR TRANSIENTS
ADD SF TRANSIENTS TO
KW MATRIX

S

GENTRATE WHITE AND
RANDOM WALK ANGULAR

NOISE

COMPUTE CONTINUOUS
INPUT ROTATION OVER
SIMULATION At

v

L}?AN ZERO

QUANTIZE ROTATION IF
QUANTIZATION IS GREATER

500

READ
INITIALIZATION
FILE (IFILE)

<

READ PDATA
FILE (PFILE)

v

WRITE
INITIALIZATION
DATA

=

CONVERT
INITIALIZATION DATA
TO INTERNAL PROGRAM

UNITS

DELETE EXPONENTS ERRORS
IF TIME CONSTANTS NOT
POSITIVE

MODULE PRINT
CONTROL (4ec
fig. 1 vol III

UPDATE TIME
TGYR = T+DT

RETURN

Figure 1. Laser Gyro Module Flow Diagram




Index

\8]

O ®©® N0 U S W

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

Variable

DT
PRNTSW

ouTsSwW
XFILE
SPARE1

SPARE2
MODPDT

DB (1)
DB(2)
DB(3)
DTA (1)
DTA(2)
DTA (3)
DTC (1)
DTC(2)
DTC (3)
SFTA (1)
SFTA(2)
SFTA (3)
SFTC(1)
SFTC(2)
SFTC(3)
KW (1)
KW(2)
KW (3)
KW (4)
KW (5)
KW (6)
KW (7)
KW (8)
KW (9)
STDWN
STDRW

Default

Value Units
0.01 s

1.0 logical
0.0 -
6.0 logical
0.0 -—
0.0 ———
6.0 s

0,7 deg/hr
0.4 deg/hr
-0.6 deg/hr
0.06 deg/hr
-0,03 deg/hr
-0.05 deg/hr
45.0 min
45.0 min
45,0 min
0.8 ppm
-0.7 pPpm
1.0 ppm
45.0 min
45,0 min
45,0 min
1.0 ppm
20.0 ppm
50.0 ppm
40.0 ppm
1.5 ppm
30.0 ppm
-30.0 ppm
-40.0 ppm
-1, ppm
0.0 sec
0.002 deg/ﬁn.r.
l.6 arcsec

Description

module operating time step

point switch (0 - no print)
otherwise print)

not used
FORTRAN unit number for printout

not used

not used
module print interval

gyro bias

transient drift amplitude

transient drift time constant

transient scale factor amplitude

transient scale factor time constant

gyro SF and gyro Input Axis (IA)

misalignment matrix

e main diagonal = SF bias (ppm)

e off diagonal = input axis
misalignment (microrad; ppm)

angular white noisc std
random walk magnitude

angular quantization



{(b) Common Initialization File (PFILE)
FORTRAN unit number: 7

FORTRAN format: 15, F20.10

Index Variable Default Value Units Description
1 WE 0.7292115147E~4 rad/s earth rotation rate
2 RE 20925640.0 ft earth radius
3 G 32,2 ft/s2 nominal gravity
4 PRNTDT 6.0 s printing frequency
5 PBUF (1) 0.0 —-—— not used
(4) Call-Line Data
INPUT
N’\

T, IENDF, WBB, WDOT, ABB,
DTHETA)
N

OouTPUT

(a) Call-Line Input

Variable Units Data Type Description

T s REAL current simulation time

IENDF logical INTEGER last-pass indicator

WBB rad/s REAL angulac rate vector of body wrt

inertial space in body frame with
vibration included

WDOT - REAL not used
ABB —— REAL not used

(b) Call-Line Output

Variable Units Data Type Description
DTHETA rad REAL quantized integral of angular rate

about X, Y, Z gyro input axes over
the computation cycle, plus errors
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(" Formulation

{(a) Initialization Function

The switch INITSW is initialized to zero in DATA statement. The

following functions are performed on the first pass, if INITSW = O and

IENDF = 0 and the module operating cycle time has elapsed.

® Read and print.initialization file (IFILE).
® Read common initialization fiel (PFILE).

e Set OFILE = XFILE.

® Convert the initialization data to internal program units. In-

ternal units are: radians, feet, and seconds.

DB = DB * DTR/3600
DTA = DTA * DTR/3600
DTC = DTC * 60

SFTA = SFTA * 1.E-6
SFTC = SFTC * 60

* *
KW =KW * 1.E-6

> Q * DTR/3600

Lo
]

where DTR equals degrees-to-radians conversion factor.

e Compute the random walk amplitude coefficient KRW.

KRW = ( STDRW * DTR ) * SQRT ( DT/3600 )

e Compute the exponential drift and exponential scale factor coef-

ficients.

EXPD = EXP(-DT/DTC )
EXPSF = EXP(~-DT/SFTC )

The vector DTC contains the time constants of the exponential drifts and SFTC

contains the time constants of the exponential scale facters.

The elements of

EXPD and EXESF are set to zero if the corresponding time constants are non-

positive. The difference equation for each of the terms is of the form
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DT(n+l)

ST(n+l)

D w*
T(n) EXPD

ST(n) * EXPSF

Thus, the individual transients are set to zero if the associated time

constant is not positive. This logic allows the user to delete any of

.the transient terms by setting the amplitude and time constant to zero.

Initialization is now complete, INITSW is set to 1, and the simula-~

tion time is incremented.

TGYR = T

+ DT

Ncw, the routine returns to the main program

(b) General Functions

The following functions are performed every module operating cycle.

e Compute

DTA

SFTA =

the transient drift and scale factor,

DTA * EXPD

SFTA * EXPSF

The transient terms are set to zero if the magnitude becomes less.

than 1.E-10 to prevent underflow.

e Add the

scale factor transient to the scale factor bias.

Insert the sum on the main diagonal of the rate sensitive

*

matrix Kw,

KW (K)

SF(I) + SFTA(I), where K = diagonal elements.

*
The off diagonal elcments of XKW contain the IA misalignment.

® Compute the white noise and angular random walk.,
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White Angle Noise

ANGWN (1) =  STDWN * GAUSS(0.0, 1l.0)
where
STDWN = gpecified white noise standard deviation

GAUSS (0.0, 1,0) zero mean, unit variance Gaussian random number

Angular Random #alk

ANGRW(I) = KRW * GRUSS (0.0, 1.0)
where

KRW = random walk amplitude coefficient computed
in the initialization section
GAUSS (0.0, 1,0) = =zero mean, unit variance Gaussian

randomm numbhey
e Compute the gyro output angular velocity.
— * * - — -
W = (I +KW) WBB + DB + DTA

where

angular velocity of the body in body coordinates

Bi 8
1]
(] B

gyro bias

g
31

>
u

gyro drift transient

KW = angular rate sensitive matrix
identity matrix

L]
]

e Compute the continuous output .utation angle over the simulation

time step including the white and random walk angular noise.

ANG = ANG + W * DT .+ ANGWN + ANGRW

The previous value of the angle ANG is the quantization residual,

o Compute the quantized indicated rotation over the simulation time
step, QANG, and the new angle residual, ANG,
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(6)

NP Integer ( ANG/Q )

OANG = NP * Q

ANG ANG - QANG - ANGWH

The quantized rotation QANG is set equal to the continuous rotation

angle if the quantization amplitude is zero.

e Sum the quantized rotations to form the incremental gyro output
angle DTHETA. The output angle is accumulated until the platform
attitude matrix is update - then the navigation routines reset

DTHETA to zero.

DTHETA = DTHETA _ QANG
e The DTHETA is printed
e The simulation time is incremented
TGYR = T + DT
and the subroutine returns to the main program.
Qutput

{a) Print
FORTRAN unit number: OFILE = 6

On the initialization pass the tirle "LASER GYRO INITIALIZATION"

and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printed

output is, as follows
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(7) Subroutines called (See Section 2.3.15)

MXV = matrix by vector product.
GAUSS (0.0, 1.0) = zero mean, unit variance Gaussian random

number generator
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2.3.6 ACCELEROMETER MODULE (ACCEL)

(1) General Description

The ACCEL module simulates the dynamics of a pendulous SDF
floated accelerometer. The kinematics of the instrument can be
selectively modeled using either a second-order or a first-order

differential equation, or a "performance" model. The following

accelerometer characteristics are modeled:
® Acceleration sensitivities (both g and g-squared).
e Anisoinertia.
® Output-axis coupling.
® Scale-factor errors (both positive and negative).

® Scale-factor-error acceleration sensitivity (both positive

and negative).
e Lever-arm effects (including accompanying bias).
® Quantization level.
® Exponentially correlated random bies.

Although the parameters characterizing these effects are entirely
selectable, the nominal (d=fault) parameters specified in the initiali-
zation data file correspond to the Systron Donner 4841 accelerometer

with its analog rebalance loop.

(2) Accelerometer Module Flow Diag.am

The general flow logic of the ACCEL module is illustrated in

Figure 1.
(3) Input

(a) Module Initialization File (IFILE)
FORTRAN unit number: 50
FORTRAN format: IS5, 1X, F20.10
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END OF
SIMULATION

NO

INITIALIZATION

RETURN :)

YES

TIME
FOR NEXT
ITERATION

& 500

READ
INITIALIZATION
DATA FILE

RETURN v—j> ‘

CALCULATE LEVER ARM
EFFECT FOR EACH
ACCELEROMETER LOCATION

Y

TRANSFORM SPECIFIC
FORCE, ANGULAR RATE,
AND THE CHANGE IN
ANGULAR RATE FROM
BODY TO ACCELEROM-
ETER COORDINATES
(QBAX, QBAY, QBAZ)

y

IF THIS IS THE FIRST
PASS, INITIALIZE FLOAT
HANGOFF ANGLE AND SET
WDOT(Z) = 0

Y

IF RIAS VARIANCE
(BIAS) IS NCN-ZERO,
CALCULATE EXPONEN-
TIALLY CORRELATED
RANDOM BIAS

Fiqure 1.

READ PHYSICAL
DATA FILE

!

WRITE
INITIALIZATION
DATA FILE

'

CONVERT
VARIABLES TO
PROPER UNITS

' .
(j- RETURN j)

Accelerometer module. (Sheet 1 of 2)
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NORDER = 2

NORDER = 1
SECOND ORDER FIRST ORDER
DIFF. EQ.

WHAT MODEL DIFF. EQ.
IS SPECIFIED

750

700

NORDER| PERFORMANCE

CALCULATE FLOAT CALCULATE FLOAT

CACLULATE FLOAT
OFFSET ANGLE OFFSET ANGLE OFFSET ANGLE
i _

]

800

MULTIPLY BY SCALE
FACTOR ERRORS

'

QUANTIZE HANGOFF
ANGLE

\

INTEGRATED CHANGE
IN VELOCITY

!

IF PRINT CONTROLS
ARE SET, PRINT
INTEGRATE CHANGE
IN VELOCITY

!
(: RETURN *j>

Figure 1. Accelerometer module. (Sheet 2 of 2)



In-

dex Variable Default Value - Units Description
1 DT 0.01 s module operating cycle time
2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)
3 OUTSwW 0.0 -— not used
4 XFILE 6.0 logical FORTRAN unit number for printout
5 SPARE1 0.0 - not used
6 SPARE2 0.0 - not used
7 co 25000, dyn-cm/  output-axis damping coefficients
rad/s
8-12 ——mcmeme- ———— ——— not used
13 OBAX (1) 1.0 unity \
14 QBAX(2) 0.9 unity
15 QBAX(3) 0.0 unity
16 QBAX (4) 0.0 unity transformation matrix from body
. coordinates to X-accelerometer
17 QBAX(5) 0.0 unity > (input, output, pendulous)
. coordinates
18  QBAX(6) 1.0 unity oor
19 QBAX(7) 0.0 unity
20 OBAX(8) -1.0 unity
21 OBAX (9} 0.0 unity /
22 QBAY (1) 0.0 unity
23 QBAY (2) 1.0 unity
transformation matrix from body
24 OBAY (3) 0.0 unity coordinates to Y-accelerometer
(input, output, pendulous)
25 QBAY (4) 1.0 unity coordinates
26 QBAY (5) 0.0 unity



In-
dex

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Variable

QBAY (6)
QBAY (7)
QBAY (8)
QBAY (9)
QOBAZ (1)
QBAZ (2)
QBAZ (3)
QBAZ (4)
QBAZ(5)
QOBAZ (6)
QBAZ (7)
OBAZ (8)
QBAZ (9)

MRC

QUANT

BIAS (1)
BIAS(2)
BIAS(3)

K

DELI

Default value

0.0

0.0

0.0

-1.0

0.0

0.0

1.0

1.0

0.0

0.0

0.0

1.0

0.0

0.7

1.0

900.0

900.0

900.0

100000000.

5.0

0.0

Units

unity
unity
unity
unity
unity
unity
unity
unity
unity
unity
unity
unity
unity

gm-cm

ft/s/
pulse

2
-cm /
)

gm-Ccm

gm~cm

2=-74

Description

transformation matrix from body
coordinates to Z-accelerometer
(input, output, pendulous)
coordinates

pendulosity parameter
not used

quantization level of incre-
ment change in velocity

X

accelerometer
bias

Z

elastic restraint of rebalance
loop

output-axis moment of inertia

difference of moment of inertia
between pendulous and input axes



In-
dex

49-50

51

52

53

54

56

57

58

59

60

6l

62

63

64

65

66

67

68

69

70

71

Variable

Ko(1)

KO (2)

KO (3)

KP (1)

KP(2)

KP (3)

KII(1)
KII(2)
KIX(3)
KPP (1)
KPP (2)
KPP (3)
KIO(1)
KIO(2)
KIO(3)
KIP(1)
KIP(2)
KIP(3)
KOP (1)
KOP (2)

KOP (3)

Default Value

0.0

0.0

0.0°

0.0

0.0

0.0

0.8

0.0

0.0

0.0

0.0

0.0

0.0

Units

ug/g
vg/q
ug/g
ug/g
ug/g
ug/g
ug/g
ug/g
ug/g
ug/g

ug/g

2
ug/g

2
ug/g

ug/g
ng/g
ug/g
ug/gq
ug/g
ug/g

ug/g

2
ug/g

(8] N N N N N [\ N N N N
N A T W\—'\~ N N —

Description

coefficient of
output-axis
acceleration
sensitivity

coefficient of
output-axis
acceleration
sensitivity

coefficients of
input-axis
acceleration
squared
sensitivity

coefficients of
pendulous-axis
acceleration-
squared
sensitivity

coefficient of

input by output-

axis
acceleration
sensitivity

coefficient of
input-by
pendulous-axis
acceleration
sensitivity

coefficient of
output-by
pendulous-axis
acceleration
sensitivity

|
;
|
|

X

accelexrometer

accelerometer

accelerometer

Vd

accelerometer

accelerometer

z

accelerometer

|
i
|
[
‘i
4



In-
dex

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Variable

BIASV(1)
BIASV(2)
BIASV(3)
SFPO(1)
SFPO(2)
SFPO(3)
SFMO(1)
SFMO(2)
SFMO(3)
MODPDT

ORDER

SFP 1(1)

SFP 1(2)

SFP 1(3)

SFM1(1)

SFM.1(2)

SFM1(3)

Default Value

0.0

0.0

0.0

10.0

10.0

10.0

10.0

10.0

10.0

6.0

0.0

0.0

0.0

0.0

0.0

0.0

Units

N

[

[\

ppm
ppm
ppm
ppm
ppm
ppm
S

logical

ppm/
rad/s

ppm/
rad/s

ppm/
rad/s /

ppm/
rad/s

ppm/
rad/s

ppm/
rad/s

Description

exponentially ( X

correlated
random bias Y V) accelerometer '
variances
for Z
X
positive
Y accelerometer
scale-factor
errors for ' 7
X
negative
scale-factor Y accelerometer
errors for
Z

module print interval

order of differential equation model

0 = performance model
l = first~order diff. equation
2 = second-order diff. c<quation
X
positive rate
sensitivity of Y accelerometer
scale~factor
errors
Z
X

negative rate
sensitivity of
scale~factor
errors

Y accelerometer



In-
dex

89
90
91
92
93
94
95
96

97

Index

(4)

Variables Default value Units
RX (1) 1.0 ft
RX(2) 0.0 ft
RX(3) 0.0 ft
RY (1) 0.9 ft
RY (2) 0.2 ft
RY (3) 0.0 ft
RZ (1) 0.9 ft
RZ (2) 0.0 ft
RZ (3) 0.2 ft

Description

position vector in body
coordinates (vehicle cg
to X-accelerometer
origin)

position vector in body
coordinates (vehicle cgqg
to Y~accelerometer
origin)

position vector in body
coordinates (vehicle cg
to Z-accelerometer
origin)

(b) Common Initialization File (PFILE)

FORTRAN unit numver: 7
PORTRAN format: I5, 1X, F20.10

Variable Default Value Units
WE 0.7292115147E-4 rad/s
RE 20925640.0 ft

2
G 32.2 ft/s
PRNTDT 6.0 s
PBUF (1) 0.0 ——

Call-Line Data

Input
M
{T, IENDF, ABB, WBB, WDOT,

2-77

Description
earth rotation rate
earth radius
nominal gravity
printing cycle time

not used

DV
Cutput



(a) Call-Line Input

Vaviable Units Data Type
T S REAL
IENDF logical INTEGER
ABB fr/s’ REAL
WBB rad/s REAL

g 2
WDOT rad/s REAL

{(b) Call-Line Output

Variable Units Data Type
DV ft/s REAL
() Formulation

(a) Initialization Function

Description
current simulation time
last-pass indicator

specific-force vector in body
frame with vibration

angular rate vector of body wrt
inertial space in body frame
with vibration included

angular acceleration vector of body
wrt inertial space body frame with
vibration included

Description

quantized integral of the vehicle
specific-force vector along the
X, Y, Z accelerometer input axes

The initialization switch, INITSW, is initialized to zero in a DATA

statement.

The following functions are performed on the first pass, if

INITSW = 0, IENDF = 0, and if the module operating cycle time has elapsed.

® Read and print initialization file (IFILE).

® Read common initialization file (PFILE).

e Set OFILE = XFILE and NORDER = ORDER

e Convert initialization data to computational units.

SPO =

—

) 91 =

SFGPO * 1.E - 6

SFGP1 * 1.E - 6/g



SMO = SFGMO * 1.E ~- 6

SM1 = SFGM1 * 1.E - 6/G

AQUANT = QUANT * MRC/K/30.48/DT

EX = EXP(-DT/4V)

BIASA = (BIASV * (1 - EX’ N2 x 1.E- 6 * G
BIAS = BIAS * 1.E - 6 * G

In addition to conversion to computational units, the following

variables are tested for a zero value and the computation bypass switches

Kll and X12, which are initialized to zero in the DATA statement, are

reset

Set

KIO =
KIP =

KOP =

where 1.E - 6 is
gravity.

if BIASV ¥ 0, set K11 = 1
KO*1.E - 6 and if KO # O, set K12 = 1,
KP*1.E - 6 and if KP # 0, set K12 = 1,
K'I*1.E - 6/G and if KIT # O, set K12 = 1,
KIO*1.E - 6/G and if KIO # O, set K12 = 1,
KIP*1.E - 6/G and if KIP # 0, set K12 = 1,
KOP*1.E - 6/G and if KOP # O, set K12 = 1,
KPP*1.E - 6/G and if KPP # 0, set K12 = 1,

the factor for converting pgs and G is the nominal



Continuina,

MRC = MRC*7.23E - 5
co = CO*2.37E - 6
DELI = DELI*2,.37E - 6
K = K*2.37E - 6

I = TI*2.37E - 6
DTI = DT/I

The factcr 2.37E - 6 is the conversion factor from gm-cm2 to

2
lb-ft and the factor 7.23E - 5 is for conversion of gm-cm to lb-ft.

Now set INITSW = 1, increment the simulation time
™C = T + DT
and return the subroutine to the main program.

(b) Gereral Function

The following functions are performed every moduie operating
cycle. The index K10 is incremented, K10 = K10 + 1 from an initial

value of zero.

The quantized integral of specific force vector

BV, for the X, Y, 2 accelerometer is calculated in turn.

First for the X—-accelerometer {(when Il = 1) acceleration from the
leer-arm effect is calculated from the components of angular iate and

the accelerometer position vector. This acceleration plus the input

acceleration become the total acceleration sensed by the X accelerometer.

ABC = ABB +(WBB X (WBB X RX))+ WDOT X RX
V

eI T
input lever arm



where in the mnemonics. of the program, initially

"CROSS1 = WBB x RX

and .

CROSS2 = WBB x CROSS1
and now redefining
-CRO?gi = WDOT x RX
' The Qoofdinates of‘thé'gpecific force,»aagularnrate; aﬁq angular
“accelsration are transformed from {(XYZ) body coord;natqﬁ to }IOP)‘acce;é;Qm.

eter coordinates

e ® —
ABA = QBAX * ABC

- s, ~ _
WBA = QBAX * WBB B ;

"~

wrm r e
WBOTA = QSAX * WDBCT - L /

Similarily, for the Y~accelerometer the sensed acceleration is

caleulated

ABC = ABB +(WBB x (WBB % RY))+ whOT x RY

g e N ) )
input loveor arm

and the gpecific forve. angular rate, and angular accoleration are

transformed to (IOP) coordinates

-

. o
ABA QBRY * RBC

[ * —
WOA = QBAY * wBb

— * e
WDOTA = QBAY * WDOT
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Finally, for the 2 accelerometer

ABC = ABB +(WBB X (WBB X RZ))+ WDOT X RZ
W

input lever arm
and

e * -_—
ABA = QBAZ * ABC
-_— » -
WBA = QBAZ * WBB

* —_
WDOTA = QBAZ * WDOT

- Now for accelerometers X, Y, and 2, when Il =‘1; 2, and 3,

respectivaly, the following terms are calcuiated.

' If, K10 = 1, which occurs on the first-pass filter after initiali-
zaticn, then set

THETA(I1) = (MRC/K) * ABA(1)
and WDOTA(2) = 0,0

The output axis value bias levels are now calculated. If the bias
. varjance is zero, K1l = 0, and the random bias is set to the bias level,

BIA = BIAS{Il)

Otherwise, a Gaussian random number with zero mean and standard deviation,

BI, wherve BT =« BIASA({Il) is generated and tho exponentially correlated random
bias, BIA, is calculated, as follows, The value of ABIAS for the varticular
accelerometar, Y1, from the previous pass (on the fixst pass after the
initialization pags, ABIAS = {0,0, 0.0, 0.0)) is multiolied by the exponential
function, EX, and added to the random number from the GAUSS function,

ABIAS(I1) w ABIAS(Xl) * EX + GAUSS(AN,BI)

where .

EX = EXP(-D1/40}.
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Finally, the exponentially correlated random bias for the Il

accelerometer is

BIA = BIAS(Il) + ABIAS(I))

The dynamic equations of the pendulous single-degree-of-freedom
floated accelerometer are solved for the output-axis float offset angle,

THN, for any one of three approximate forms:

Performance model, when NORDER

[}

0.

First-order model, when NORDER = 1,

Second~order model, when NORDER = 2.

See Volume II, Section & for a theoretical development of the dynamic

equations.

A quantity DEN is defined
DEN = K + DELI*(WBA(3)2 - WBA(L)?) - MRC*aBH(3)

where the subscripts are

1 = Jinput axig
2 = output axis
3 = pendulous axis

The quantity DEN times the float offset angle is a torque term.
An additional torque term, Ml, is defined as

ML = MRC*(ABA(l) - BIA) + DELI % WBA(3)*WBA(l) -~ I*WDOTA(2)
Additional torque terms in the numerator, denoted by M2, are com-

puted for acceleration and acceleration-squared sensitive effects if any
of the coefficients are nonzero, i.e., when K12 = 1,
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M2 = MRC*(~KP(Il)*ABA(3) ~ KO(Il)*ABA(2)
-~ KPP(Il)*ABA(3)*ABA(3) - KII(Il)*ABA(l)*ABA(l)
- KIP(I1)*ABA(1)*ABA(3) - KIO(IL)*ABA(1)*ABA(2)

- KOP(Il)*ABA(2) *ABA(3))

Otherwise, M2 = 0,0

If NORDER = 0, the performance model equation is solved for the
float offset angle, THN

THN = (Ml + M2)/DEN
If NORDER = 1, the first-order model equation is solved for THN.
THN = THETA(Il) + DT*(-DEN*THETA(Il) + Ml + M2)/CO

Finally, if NORPER = 2, the second-order model equation is solved for
THN

THN = THETA(Il) + DT*THDOT(Il)

where THDOT(I)) is calculated on the previous pass
Now THDOT(Il) is calculated for the next pass from

THDOT (I1) = THCOT(I1) + (-COMPHDOT(I1) ~ DEN*THETA(IL) + ML + M2)*DTI

The quantized output is now calculated. The float offset angle,
THN, is added to the residual angle, TTHET, from the previous pass

TTHET(I1) = 'PTHET(I1l) + THN
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Scale-factor error corrections are computed for positive accelera-

tions if the residual angle, TTHET(I1l), is greater than or equal to zero

from
TL = SPO(Il) + 1 + SP1(Il)*THN*K/MRC

or if it is less than zero for negative acceleration from

Tl = SMO(Il) + 1 + SMI(Il)*THN*K/MRC

The sum of the float offset angle and the residual angle are
corrected for the scale-factor errors by multiplying by Tl, and this
quantity is divided by the quantization level, AQUANT. The truncation
of this quantity

ITHET = TTHET(Il)/AQUANT/TI

results in the quantized float offset angle, i.e. the count of guantization
pulses contained in it,

: A new residual angle, i.e. the portion dropped off at truncation,
is calculated from

T = FLOAT (ITNET)
and . TTHET(I1l) » TTHET(I1l) « TI*TI*AQUANT

and the float offset angle is saved for the calculations of the next pass

*

THETA({Il) « 1%HN

Now, the desired output from the ACCEL module, DV, is obtained for the
X, ¥, and 2 accelerometers (Il = 1, 2, or 3, respectively) by integrating

LB SO T e ey

DV{Il) = DV(I1) + TT*AQUANT/MRCHKDT

whore

T w PLOAT(ITHET) (maintains real variable arithmatic)
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This summation is carried out to equalize the cycle intervals for the
hardware and software. DV is initialized in the RDR module (the
hardware-software interface) eacn RDR cycle.

The quantized integrated change in velocity is printed, the
simulation time is incremented

TACC = 7T + DT
and the subroutine returns to the main program.

(6) Output
(a) Print

FORTRAN unit number: OFILE = 6

On the initialization paszs the title "ACCELEROMETER INITIALIZATION®
and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when
PRNTSW 1., See Section 2.2 for print control logic. The printed
output is, as follows

Variable Units Description

DV ft/s  quantized integral of specific force
the X, ¥, and 2 accelexometer input axes
over the computation cycle plus exrors

(7) - Subroutines Called (See Sectira 2.3.15)

MRV ‘= matrix by vector product -
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2.3.7 ALTIMETER MODULE (ALTI)

(1) General Description

The ALTI module is designed to simulate the output characteristics
of a barometric altimeter, incorporating errors in its air-transducer
assembly and uncertainties caused by nonstandard-atmosphere and Pitot-
static errors. The integration of this simulated instrument into the
INSS gives rise to an indicated altitude which has the following char-

acteristics:
e Long-term stability of the barometric altimeter.

e A resultant frequency response that is much faster than that
of a pure barometric altimeter, and which attenuates the ef-

fects of barometric noise.

e The relative insensitivity to low-frequency accelerometer

errvors resolved into the vertical channel.

Bssentially, the indicated altimetor output is the sum of the
"erue* vehicle altitude (passed from the trajectory module) and user-
characterized exponentially correlated random bias and random noise,
Although a perfect altimeter can he simulated by this module through
uger-specification of an on/off switch (NOISSW =l) in the attendant
initialization data file, the nominal (default) initialization paramoters
correspond to tho instrument projected for use on the Space Shuttle.

(2)  Altimeter Module Flow Diagram

The goneral flow logic of tho ALTI modull is shown in Figure 1.

(3) Input
(a)- Hodulo,lhitialization File (IFPILE)

FORTRAN unit humbor: 60
FORTRAN format: IS5, F20.10 -
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END OF
SIMULATION

RETURN )

INITIALIZATION 1 500
READ
INITIALIZATION
DATA FILE
TIME
FOR NEXT RETURN j j
ITERATION
READ PDATA
FILE

Ho | (:j' RETURN )

CALCULATE
NOISE

‘l_f

CALCULATE
ALTITUOE

l

IF PRINT
CONTROLS ARE
SET, PRINT

INDICATED

ALTITUDE

- }A -
Caw)

Figure 1, Altimeter module.

VOl. III' Sec. 2.367
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In-

Variable

Default Value

0.02

1.0

0.0

6.0

6,0

0.0

40.0

0.000000000000040

0.000000023
17000,

0.000000000625

97.0

Units
s

logical

logical

S
el
(%5622

et

- FORTRAN unit number:
' FORTRAN foimats 15, F20.10

dex
- 1 DT
2 PRNTSW
3 OUTSW
4 XPILE
5 MODPDT
6 NOISSW
7 TC
8 uo
9 Ul
‘ 10w
‘ 11 vl
12w
I, =
dox Variable
1 . WE
2 RE
3 6
4 PRNTDT
5 PBUR(L)

Default Value

7

' 0.7292115147E-4

20925640.0
32,2
6.0

0.0

2~89

{b) Common Initialization File (PPILE)

Units
rad/s
fe
ttlsz
s

-

Description
module operating frecuency

print switch (0 - no print,
otherwise pring)

not used

FORTRAN unit number for
printout

module print interxval
noise generator switch

exponentially correlated
random noise time constant

altitude to bias

upsextainty
:zgz“ velocity to bias
uncertainty
coeffi-
cients f bias uncertainty
rolate constant
ing

altitude to random
bias uncertainty
random-vibration

uncertainty (constant
random vibration)

Degcxiption

_ carth rotation rate

earth radius
nominal gravity
prirting freguency

not used.




T AT T AT T TR T T N e DG

ey

(4) Call~-Line Data

INPUT
” Av —-—
(T, IENDF, ALT, V
ALTO
OUTPUT
(@) Call-Line Input
Variable Units ~ Data Type Description
T s REAL current simulation time
IENDF logical INTEGER last-pass indicator
- ALT ft  REAL “true* altitude (from tra-

Jectory module)

v ft/s - REAL  “"true* velocity vector in body
_ S ' ' - frame (from trajectory module)

{b) Call-Line Cutpuc

variable = Units - DataType = Doseription

A0 ft . REAL - indicated baromotric altitude

" {S) © Formulation

(a) Initialization Fungtion

~%he initialization $witch. INITSW, is initialized to zero in an
DATA statemont. The following functions axe performed on the first

L pass, if INITSW e 0, IENDE = 0 and if the module operating cycle time
-has elapsed. ' ' ' c ‘
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Read and print initialization file (FILE). Read common initiali-
zation file (PFILE), Set

OFILE = XFILE

ALTO s ALT

EX = EXP (-DT/7C)
E2X1 = 1 - EX°
INITSW = 1

The simulation time is incremented

TALT = T + DT

and the subroutine returns to the main program,

{b) General Funetion

The following functions are performed every module operating cycle,

If tho nolse generator switsh iy, NOISSW = 0, the indicated
altitude, ALTO, is egual to the true altitude, ALT. Othexwisea, tho
baromotyric altitude wiﬁh noise added is caleulated.

‘The model chosen to replicate the output of a barometric altimoter
is fundamentally stochastic., As gsuch, five étatiseical paramoeteyrs
(variances} specified in the attendant data file ave employed to gen- _'
erate random errors. These orrors ave then summed with the “true
altitude (ALT) passed over from the trajectory wmodule to simulate an
output measurement. >Thc five input stotistices ropresent the variances
which characterize: Dbias uncertainties relative to alticudu_alo) and
- velocity Gjl). vonstant biag uncertainty “12)' random-vibration uncer-

tainty relative to altitude "’3” and constant random-vibration uncer-

tainty (043. These variances are subsagueatly combined by the algorithm

to generate both exponontially correlated random bias and Gaussian noise

‘over vach c¢ycle.

291
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A first term (the random noise), a normally distributed random

number with a mean, AM = 0.0, and a standard deviation given by

SIGR = (U3*ALT® + ud)/?

is computed using the GAUSS function.

Another term (the randam bais), a normally distributed random

number with a mean, AM = 0.0, and a standard deviation given by

2

SIGN = [(UO'(ALTA2)2 + UI*(VI2)™ + U2) *E2X

L q 172

where

ALTA2 = ALT2
. 2 2 2
VI2 = v(1)° + v(2)° + v(I)

is obtained by the use of the GAUSS subroutine. An exponentially cox=
relav d nodge term, X, is compute from the random kiss tem,

X W EX%X + GAUSS{AN,SIGN)

 where % on the rightnhand side of the equation is the value of X on the

previous pass (initially zewo).

The indicated barowetric altitude, ALTO, is computed as the sum
of thu true altutude, the random biag and the random noise term

ALTO = ALT + X + GAUSS(AM, SIGR)

The indicated altitude, ALTO, is printed and the simulation time

is incremented
"TALT = T + DT
Now the subroutine returns to the main program.
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(6) Qutput

(a} Print
FORTRAN unit number: OFILE = 6,

On the initialization pass the title "ALTIMETER INITIALIZATION"
and the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRINTSW

{v

1, BSee Section 2,2 for print control logic. The printed

output is, as follows

Variable Units Description

ALTO ft indicated barometric altitude

(7)  Subroutines Called (See Section 2,3.15)

GAUSS (AM,SD) = Gaussian random number generator function

with mean, aM, and standard deviation, SD,.
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2.3.8 HARDWARE/SOFTWARE INTERFACE MODULE (RDR)

S T e T S

(1) General Deécription

Functioning as a buffer between the fast and slow cycles of the
INSS executive {(sequencer), this module effectively simulates the action
of the hardware/software interface. After reading the accumulated in-
cremental angle and velocity components, the interface module passes the
appropriata values to the compensation algorithms. The face values
previously accumulated are then reset to zero and returned to the gyro-

and accelerometer=-module accumulation registers.

3.
(2) Hardware/Software Interface Module Flow Diagram

The general flow logic of the RDR module is shown’ in Figure 1.

(3)  Input

(a) Module Initinlization File (IFILE)
FORTRAN unit number: 65
PORTRAN format: IS5, F20,10

Index Variable Dofault Value Units Description

1 or 0.02 8 module operating frequency

2 PRNTSW 1.0 logical print switch (0 - no priat,
otherwise print)

3 OUTSW 0.0 -——— not used

4 RPILE 6.0 logical FORTRAN unit number for
printout

5 SPARF1 0.0 -— not used

6 HODPDT 6.0 ] module print interval
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END OF
SIMULATION

INITIALIZATION

YES
_ t 500

READ
INITIALIZATION
N , DATA FILE
FOR NEXT RETURN l‘
ITERATION Ai:>
' READ DATA
FILE
SET OVO EQUAL 1
T0 OV,
26RO DV WRITE
INITIALIZATION
l DATA
SET DTHETO :
EQUAL TO DTHETA - " RETURN )

ZERO DYHETA

l

IF DRINT
SMITCHES ARE
SEv, PPINT
DTHETO, DVO

!

o (:f’ RETURN :}

Pigure 1, Hardware/software interface module
flow diagram,

Vol, III, Sec. 2.3.8
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(b) Common Initialization File (PFILE)
FORTRAN unit number: 7
FORTRAN format: 1I5, F20.10

Index Variable Default Value Units Description
1 WE 0.7292115147E~4 rad/s earth rotation rate
2 RE 20925640.0 ft earth radius
3 G 32.2 ft/sz‘ nominal gravity
4 PRNTDT 6.0 S printing frequency
5 PBUF (1) 0.0 --=  not used

(4) Call-Line Data

Input
4—-w-...,¢*~,15%--a-\\
“ 7. IENDF,\DTH A, v,
oy’
In/Out
DTHETO, DVO)
Nt g’
Output
{a)  Call-Line input
Variable Units  Data Type Description
P 8 - REAL current simulation time
1ENDF : logical "~ INTRGER last-pass iadicator

DTEETA . rad ©  REAL quantized integral of angular
ST . rate about X, ¥, 2 gyro input
axes over the computation cycle
plus errors .

; bv ft/s REAL quantized integral of the vehicle

spacific force ve.tor along the
X, ¥, Z accylerometexr input axes
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(b) Call-Line Output

Variable Units Data Type Description

DTHETO rad REAL quantized integral of angular rate
about X, Y, Z gyro input axes gen-
erated each fast cycle, and accumu-
lated over the slow cycle

DVO ft/s REAL . quantized integral of the vehicle
specific force vector along the X,
Y, 2 accelerometer input axes gen-
erated each fast cycle, and accumu-
lated over the slow cycle

{5) Fo;mulation

(a) Initialization PFunction

The switch, INITSW, is initialized to zero in a DATA statement.
The following functions are performed on the first pass, if INITSW = O,
IENDF = 0, and if the module operating cycle time has elapsed,

@ Read and print initialization file (IFILE).

e Read common initialization file (PFILE).

¢ Sot OFILE = XFILE and INITSW = ],

The simulation time is incremental
TRDR = T + DT
and the subroutine returns to the main program,

(b) General Function

The following functions are performed every wmodule operating

cycle.
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g The input variables DV and DTHETA are stored as the corresponding

E output variables, DVO and DTHETO, then the input variables are reset

% to zero (and returned to the accelerometer and gyro modules). *
§ ;

:

; — —

i pvo % DV

{ —_—

f DV = 0.0

DTHETO = DTHETA
DTHETA = 0.0

The quantized integrals of angular rate, DTHETO, and specific
force, DVO are printed and the simulation time is incremented

TROR = T + DT
Now the subroutine returns to the main program,

(6) OQutput

(a) Print

FORTRAN unit number: OFILE = 6

On the initialization vass the title, "READER INITIALIZATION"
and the initialization data are printed.

Printed cutput is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2.2 for print control logic. The printout
is as follows

!
|
variable Units Description v ‘
!
}

Dvo ft/s quantized integral of specific force along
the X, ¥, 2 accelerometer input axes accumu-
lated over slow oycle
DIHETO rad quantized integral of anjular rate about the 3
- X, ¥, 2 gyro input axes accumulated over G
slow cycle ' - u

(&)} Subroutines Called (8ee Section 2,3,.15)

No subroutines are called.
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2.3.9 ACCELEROMETER COMPENSATION MODULE (ACOMP)

’ (1) General Description

This software module computes the compensation for accelerometer
bias, scale-factor errors, scale-factor errors with acceleration, the
acceleration-squared terms along the input axis, acceleromater'misalign-
ments, anisoinertia, output-axis coupling, and lever-arm effects.

(2) Accelerometer Compensation Module Flow Diagram

Figure 1 depicts the general flow logic of the ACOMP module.

(3) Input

(a) Module Initialization File (IFILE)
FORTRAN unit number: 67
FORTRAN format: 1I5, F20.10

) Index Variable Default Value Units Description
1 oY 7 0.02 8 module operating frequency
2 PRATSW 1.0 logical print switch (0 - no print,
: otherwise print)
3 OUTSH 0.0  we=  not used
4 . XPILE 6.0 logical FORTRAN unit number for
: ' printout
5 SPAREL 0.0 T - ‘not used
6  SPARE2 0.0 -  not used
I | DELI - 0.0 gm«amz difference of moments of
, inertia about pendulous and
input axes
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IZATION

CALCULATE THE CHANGE N
ANGULAR RATE ALONG THE
QUTPUT AXTS

!

COMPENSATE FOR
SCALE FACTOR ERROKS

)
[__COMPENSATE FOR Glas |
r

CALCUTATE TEVER-
ARM EFFECT™

)
D
PUT AXTSY
1

CONPENSATE FOR LEVER-
RM EFFECY

AR

COHPERSATE FOR OLTpUT-
AXIS COUPL IhG

APLNSATE FOR
MISALLGEMENT

IF PRINT SWITCHES ARE

LSET, PRINT QuYPuT DATA

2~100

500

READ
INITIALIZATI ON
DATA FILE

1

READ
POATA FILE

!

WRITE '
INITIALI2AY 0N
DATA

“CONVERT
INITIALI2ATION

DATA 10-
PROPER UNITS

Figure 1, Accelerometey Compensation module.
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Index Variable Default Value Unit Description

8 QABX(1) 1.0 unity \
9 QABX(2) 0.0 unity
10 QRBX(3) 0.0 unity
11 QABX(4) 0.0 unity
transformation matrix from
12 QABX(5) 0.0 unity body cooxdinates to X-
accelexrometer (input, output,
13 QABX(6) 1.0 unity pendulous) coordinates
14 QABX(7) 0.0 unity
15 QABX (8) -1.0 unity
16 ox(® 0.0 unity /
17 SFPO(1) 10,0 ppm X-accelerometers
- positive
18 SFPO(2) 10.0 ppn ¥~accelerometer acale-factor
19 - sFPO(3) 10.0 ppi Z-accelerometer ) SFFOF
20 BIAS(1) 890,0 Hy ¥-accelerometer
21 BmAS(2)  690.0 Wg  V-accelerometer bias
22 CBIAS(3) - 890.0 0] vz»acceleromater J
23 QABY(1) 0,0 unity \
24 QABY(2) 1.0 ‘unity
- 25 OABY¥(3) 0.0 " unity
. .26 QaBY(4) 1.0 unity
) ' , . , 1 transformation matxix from
27 . QRBY (5) 0,0 unity '> body coordinates to Y-
S © o . accelercmeter (input, output,
28 . QABY(6) - 0,0 unity pendulous) coordinates S
29 - Qv 0.0 unity
30 . gax(®)  0.00 unity
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Index
32
33
34
35
36
37
38
39
40
41
42
43
44
45
746
47
@
49
50
-
52
53

54

Variable
QABZ(1)
QABZ(2)
QABZ(3)
QABZ (4)
QRBZ (5)
QABZ (6)
QABZ(7)
QABZ (8)
QABZ (9)
MODPDT
KII(l)
KII(2)
KII(3)

MRC

.QMIS (1)

QMIS (2)
QNS (3)
QMIS (4)
QNIS (5)
QMIS (5)
__Qn:s(-vi
QNIS (8)

QNIS (9)

Default Value
0.0
0.0
1.0
1.0
0.0
0.0
0.0
1.0
0.0
6.0
0.4
0.4
0.4
0.7
1.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0

1.0

Unit
unity
unity
unity
unity
unity
unity
unity
unity
unity
s
wa/g°
va/g’
ug/q2
gm-cn
unity

unity

unity

_ unity
unity
unity
unity

unity

unity
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Description

transformation matrix from
body coordinates to Z-
accelerometer (input, output,
pendulous) coordinates

module print interval

X=accalerometer \ compensation
input axis ac-

Y~accelerometer » celeration-
gsquared coef- -

Z~=accelerometer ) ficients

pendulosity parameter

compensation misallignment
trangformation matrix from
X, Y, 2 accelerometer output
axis to X, ¥, 2 body axes

O e i e -




55
56
57
58
59
60
61
62
63
64
65
66
67

68

69

10

12

13

TR RO s ot e i ey 8 e BT e -

Index

25

Variable
SFMO(1)
SFMO(2}
SFMO(3)
SFP1(1)
SFP1{2)
SFP1(3)
SFM1(1)
SFM1(2)
SFM1(3)
RX(1)
RX(2)
RX(3)
RY(1)
RY(2)

- RY(3)

R2(1)

- R2(2)

RZ(3)

1aX

Default Value
10.0
10.0
10.0

0.0
0.0
0.0
0.0
0.0
0.0
1,01
0.0
0.0
0.89
0.19
0.0
0.91
0.0
0.19

5.0

Unit
ppm
ppm
ppm
ppw/g
ppu/g
ppm/g
ppu/g
ppn/g
ppm/g
ft
ft
ft
£t
£t
ft
ft
£t

ft

2
gra~-cm

S

Description

negative
scale-
factor
error

Y-accelerometer
Z-accelerometer

compensation
positive rate
sensitivity of
scale-factor
errors

X-accelerometer

X~accelerometer } compensation
¥-accelerometer j

Z-accelerometer

X-accelerometer \ compensation
negative rate

¥Y-accelerometer ; sensitivity of
scale~factor

z-acceleromgter errors

compensation position vector
(vehicle cg to X-accelerom-
eter origin) in body coordinates

compensation position vectox ‘
(vehicle ¢g to YF-accelerom-
eter origin) in body coordinates

compensation pusition vector
{vehicle ¢g to Z-accelerom-

“oter origin) in body coordinates

moment of inertial about output
axis '

FORTRAN unit number:
FORTRAN format: I5, F20.10

7
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Ab) Common Initialization File (PFILE)




Index Variable Pafault Value Unita

e e e, SN A T N ST R I O g

Description
1l WE 0.7292115147E~4 rad/s earth rotation'rate -
2 RE 20925640,0 ft earth radius
3 G 32.0 ft/s2 nominal gravity
4 PRNTDT 6.0 8 printing frequency
5 PBUF(1l) 0.0 - not used
(4) Call~Line Data
Ingu-‘..
o PN
(T, IENDF, DVO, DTHETA,
DVA
it
Output
(a) call-Line Input S . - T
' ‘Variable * Units Data Type ;  Description g
[ I 5. REAL . current simulation time

IENDE  logical - INTEGER .  last-pass indicator

Vo ft/s - . REAL . . quantized integral of vehicle
S S . specific force along the ¥, Y, 2
accelerometer input axes (over

the fast cycle accumnlatcd over -
slow cycle)

DIHETA  rad REAL . quantized integral of angular rate

S ' : - about the X, ¥, 2 accelerometer
input axes {over the fast cycle

‘ accumulated over- slou cycle)
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|

(b) cCall-Line Output

Variable Units Data Type Description
DVA ft/s REAL - quantized integr-l of vehicle
specific force along X, Y, 2

accelerometer input axes (accumu-
lated and compensated)

{3) Pormulation

(a) Initialization Function

The initialization switch, INITSW, is initialized to zero in a
DATA statement. The following functions are performed on the first pass,
if INITSW = O, IENDF = 0, and if the module operating cycle time has

elapsed,
e Read and print initialization file (IFILE).
77 & Read comnon initialization file (PFILE),
® Set OFILE = XFILE |

Define the matrix, QAﬂO'fzomrthe second yows (i.e., the output
axes of the X, ¥, and 2 acceleroseter) of QABX, QABY, and QRABZ, re-

gpeptively,
[owexcy 'QABX'(S‘) . sxee) |
- < | o Qaﬁu_s; | QABY (6)
Lomew  omam  aawe
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Convert initialization data to computational units,

BIAS = BIAS * 1.E - 6%G

KII = KII * 1.E-6/G
IXX = IXX * 2,37E - 6
DELI = DELI * 2.37E - 6

MRC = MRC * 7.23E - 5

SP0 = SFPO® 1.E - 6
8Fl = SFBlL * l.E - 6/G

e

SMO o SFMO * 1.E - 6

SMl o SFMl ® ),E - 6/G

whero the conversion factors are

Wb-it® = 2,37E - 6 guecme

Ib-ft. w 7,23 - § go-cm
_uﬁlty @ l.E - 6 ppn
Vrg.ft!sz e (LE -~ 6%°CG) ug:-
C g /st W (LE - 6/6) 9/g°

The initialization switch is sot, IN!TSﬂ = 1 and tda curxenc
simulation tima ig incremuntad

IR = T+ DT

Now the subroutine returns to the main progranm.
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(6) General Function

' The following functions are performed every module operating cycle,

-

The switch, K10, which was initialized to 0, is reset to i upon conple~

tion of the first pass after initialization.

2 r A L TS A rar Rl b LA
AR A R T TR R G R A g TR S, e IR0

The rate of change of angular velocity, WBBT, resolved along the
three accelerometer output axes, is bypassed on the first pass after

initialization, but calculated on every subsequent pass

— . * —_— ~—
WDOT = QBAO (DTHETA - DTHETP)/DT

where

O R N T e A S R? R o ELCH

DTHETP = DTHETA of the previous pass

‘The quantized incremental velocity (the quantized integral of
the specific force), DVb, for each of the X, ¥, and 2z accelerometers,

in turn, is compensated for the effects of

® scale-factor error (positive and negative).

e S B T TN A I R

9 bias.
S e acceleration-squared sensitivity along the input axes.

¢ anisoinartia,

e lever-arm effect.

& output-axis couplings.

Scale~factor error is compensated by

i}

Lo

DVO = DVO*(l - SPO + SP1*DVO/DT)

R TP

TR

1f DVO > 0.0, for positive scale~-factor error and by

T

(o
=5

DVO = DVO*({l - SMO + SM1*DVO/DT)

(SRt

S if DVO < 0.0, for negative scale-factor error.

SR
P
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Bias compensation is accomplished by use of the relation
DVO = DVO + BIAS * DT

The components of DVO correspond to the X, Y, Z accelerometer
input axes.

The cross products (CROSS1 and CROSS2) are culculated for the

X~accelerometer to obtain the lever arm effect by

CROSS1 = DTHETA x RX

CROSS2 = (DTHETA x CROSS1)/DT

and DTHETA is transforxmed from body to X-accelerometer coordinates

every pass

— * ———
DTHETZ = QABX * DTHETA

where the components are
1. input axis
2. output axis
3. pendulous axis

while che caculation of the <ross product, CR0OSS3(l), for the X accel-
orometer is bypassed only on the first pass afver initialization and

CROSS3(1) = (DDTH(2)*R%(3) ~ DITHI3)*RK{2)) /DT

where
DOTH(2) = DIHETA(2) = DTHETP(2)

DDTH(3) = DIHETA(3) - DTHETP(3)
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Similarly, for the Y-accelerometer

CROSS1 = DTHETA X RY

CROSS2 = (DTHETA x CROSS1)/DT
! and
DTHETZ = OQABY * DTHETA
é and
CROSS3(2) = (DDTH(3)*RY(1l;, - DDTH(1)*RY(3))/DT
g where
z DDTH(3) = DTHETA{3) - DTHETP(3)
L
;o DDTH(1) = DTHETA(l) ~ DTHETP(1)
é Also, for the 2 accelerometer
CROSS1 = DTHETA x RZ
CROS§2 = (DIETA x CROSS)/DT
4 |
and
g DIHETZ ©  QABZ % DTHETA
1
i
3 and
? CROSS3(3) = (DDIH(1)*Rz(2) - DDTH(2)*R2(1))/DY
3 . where
_ DUTH(1) = DTHETA(l) - DTHETP(1)
: -  DDTH(2) = DFHETA(2) - DTHETP(2)
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EURRHION

The lever-arm effert is compensated by the terms CROSS2 and CROSS3 on

the incremental velocity

DVO = DVO - CROSS3 - CROSS2

The acceleration-squared sensitivity along the input axis is

compensated by the term
- — 2
KII * DVO /DT

for the X, ¥, and 2 accelerometers on every pass.

The anisoinertia is compensated by the texrm
DELI*DTHETZ (3) *DTHETZ (1) / (DT*MRC)

for the X, Y, and 2 accelerometers using the pendulous (3) and input (1)

components on every pass.

The acceleration-gquared sensitivity along the input axis and
the anisoinertia are added to the incremental velocity for

DVO = DVO + KII*DVOS/DT + DELI*DIHETZ (3) *DTHETZ (1) / (DT*MRC)

along the X, ¥, and 2 accelerometer input axes.

Finally, the output-axis coupling is compensated on all passes,
oxcept the first pass after initialization for the X, ¥, and Z accel-
eromaters, and added to the incremental velocity

DVO = DVO + IXX ¥ WDOT/MRC
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At the end of the first pass after initialization and compensa-
tion of the DVO along the X, ¥, and Z accelerometer input axes, the
switch Klo is reset, K10 = 1. - ’

On every pass the quantized inteqral at angular rate is restored
in DTHETP for use in the next pass :

DTHETP = DTHETA

Finally, the quantized integral of vehicle specific force (incremental
velocity) along the X, ¥, and 2 accelerometer input axes. DV\, is com-

pensatad for accelerometer misalignment
e * -~
DVA = QMIS * DVO

The compensated incremental velocity, DV, is printed.ang the
" simulation time incremented “ : - :

TCAC = T + DT
The subroutine now xe;uxhs to the main program.

(6) Qutput:
(a) Print
FORTRAN'unit number: OFILE = 6

On the initialization pass, the title “ACC conpnnsamzon
INITIALIZATION“ and the init;alization data are printed.

Printed output is produced at PRNTDY or»HODPDT intervals when
- PRNTSW 3,1. ‘See Section 2.2 for print control logic, The printed
output is as follows - ‘
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Variable Units Description

DVA ft/s compensated, quantized integral of .
vehicle specific force (incremental
velocity) along X, ¥, and Z accelerome-
ter input axes plus errors accumulated
over the slow cycle

(7 Subroutines Called (See Section 2,3.15)

MXV = matrix by vector product
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2.3.10 GYRO COMPENSATION MODULE (GCOMP)
(1) General Descriptior
% This module computes the compensation for gyro bias, scale-
i factor error, acceleration-sensitive terms, acceleration-squared
sensitivities, scale-factor variation with rate, output-axis coupling,
B anisoinertia, and gyro misalignments.
B
b (2) Gyro Compensation Module Flow Diagram
2 Figure 1 depicts the general logic flow of the gyro compensation
module.
3 (3) Input
j y (a) Module Initialization File (IFILE)
0 FORTRAN unit number: 69
L FORTRAN format: 15, ¥20.10
S
. ’ Index Variable Default Value Units Description
™
‘ % ’ 1 DT 0.02 s - module operating frequency
i ‘ 2  PRNTSW 1.0 logical print switch (0 ~ no print,
otherwise print)
3 QUTSW 0.0 - not used
4 XFILE 6.0 logical FORTRAN unit number for
3 printout
; _ 5 SPAREL 0.0 | not. used
6 SPARE2 0.0 -==  not used
R
|
b
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END OF
SIMULATION

INITIAL-

IZATION

TIME
FOR NEXT
ITERATION

RETURN

COMPENSATE FOR BIAS
L AND SCALE FACTOR—EFRORS\

TRANSFORM FROM GYRO
QOUTPUT COORDINATES 10
INPUT, QUTPUT AND SPIN
COORDINATES FOR THE

X, ¥, AND Z GYROS

!

COMPENSATE FOR
ACCELERATI ON
EFFECTS AND
ARTSOTNERT 1 A

® YES

gnNo

CALCULATE WoOr |

—

COMPENSATE FOR OUTPUT
AX1S COUPLING

W-—-——w»
| 410

TRANSFORM FRON
NISALIGNED GYRD
INPUT AXIS TO BODY AX1s)

R

IF PRINT CCNTYROLS
ARE SET, PRINT
COMPENSATED INTE~
GRATED CHANGE IN
GYRO ANGLES

‘

500

Y

READ
INITIALIZATION
FILE

READ
POATA FILE

7

WRITE
INITIALIZATION
DATA

CONVERT
INITIALIZATION
DATA TO PROPER

UNITS

=D

4l-‘igure . Gyro compensation module,
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. 7
8
9

10
11
12
13
14
15
16
17
18

19

. 20

2l

22

23

24

O WA TTAT TR A

Index

25

o

Sy

R e e T e

Variable

QMIS (1)
QMIS (2)
QMIS (3)
QMIS(4)
QMIS(5)
QMIS (6)
QMIS (7)
QMIS (8)

QMIS(9)

- - -

SFPO(1)
SFPO(2)
SFPO(3)
BIAS(1)
BIAS(2)
BIAS(3)
SFMO(1)
SFMO(2)

SFMO(3)

Default Value
1.0
0.0
0.0
0.0
1.0
0.0
0.0
0.0

1.0

-30.0
-30.0
=30.0
-0.34
-0.34
-0.34
-44.0
-44.0

"44.0

Units
unity
unity
unity
unity
unity
unity
unity

unity

unity /
bpm

ppm

prm

deg/h
deg/h
deg/h

ppm }’ :

ppm

ppm
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Description

compensating transformation
from X, ¥, Z gyro input
axis to X, Y, 2 body axes

compensation
positive scale- Y
factor error

for

computation
negative scale- Y
factor ‘exrror

"
compensation l
bias error Y ’ gyro.




Index Variable

26 QGBX (1)
27 QGBX(2)
28 QGBX(3)
29 OGBX (4)
30 QGBX(5)
3l QGBX(6)
32 QeBX(T
33 QGBX (8)
34 QGBX(9)
33 QeBY(1)
36 QGBY (2)
37 QGBY (3)
38 QGBY (4)
39 QGBY (5)
40 QaB¥(6)
4 QeBY(M)
42 - QGBY(8)
43 geBY(9)
84 2L
¢ gepz(2)
% guBz(d)
a1 gzl

Default vValue Units

1.0
0.0
0.0
0.0
0.0

1.0

0.0
1.0
0.0

0.0

0.0

0.0

"'100

0.0

0.0

1.0

1.0

unity
unity
unity
unity
unity
unity

unity

unity
unityj
unity
unity
unity
unity
unity
unity
unity

. unity

unity ]
S unity
unity
unity

unity
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Description

compensation transformation
from X, Y, 2 gyro output
(body) axes to input, output,
spin axes of X gyro

compensation transformation

from X, ¥, % gyro output ' .

(body) axes to input, output,
spin axes of 2 gyro '

compensation transformation
from X, ¥, 2 gyro output
(body) axes to fnput, output,
spin axes of 2 gyro '




Index
48
49
50
51
52
53
54
55
56
57
58
.59
60
v-61
62
63
64

65

65

.67
68

69

" Variable
QGBZ (5)
QGBZ(6)
QGBZ (7)
QGBZ (8)
QGBZ (9)
KO(1)
K0(2)
KO(3)
KI(1)
KI1(2)
KI(3I)
Ks (1)
KS{2)

xs(3)
KII{1)

- REIL2)
Kix{3)

"
IXX

Ks5(1)
K55 (2)

KSS(3)

pefault Value
0.0
0.0
0.0
1.0
0.0
-0.037
-0.037
-0.037
1.16
1.16
1.16
-0.66
-0.66
-0,66
~ 0.0
" 0.0
0.0

151000,
226,

0.0
00

0.0

' deg/m/e’
deg/M/g’
2

Units
unity
unity
unity
unity

unity

deg/h/g
dea/h/g
deg/h/g

deg/h/g
deg/h/g

deg/h/g
deg/n/g
deg/N/g
dea/h/g

deg/h/g
2

. gec /8

Description

compensation transformation

from X, Y, Z gyro output

(body) axes to input, output, ]
spin axes of 2 gyro !

compensation X

output axis

acceleration Y / gyro.
gensitivity

coefficient 2
compensation X
input-axis

acgeleration Y 7 9yro.
sensitive

coefficient Y
compensation X
spin-axis

acceleration Y ) gyro.
sensitive

coefficient 2
compensation X
input-axis '
acceleration- ¥ ) 9gyro.
squared sensitive
coefficient B

compensation gyro angulax

“omentum

—

deta/’h/q2

dea/m/q”

deg/h/qz

2417

compensation moment: of inertia

about output axis

compensation ! 1
spin-axis :
accelexation- Y \ gyzo.
squarea_sensitlve

coufficient - 12




Index
70
71
72
73
74
75
76
77
78

79

80
8l
82
63
84
65

- 86

Variable
KIo(1)
KIO(2)
KIO(3)
KOs (1)
KOs (2)
KOs (3)
KIs(l)
KIS (2)
KIS(3)

DELI

SFM1(1)

SFM1(2)

SFM1(3)

SFPL(1)
 “SFP1(2)
SFP1(3)

MODPDT

Default value Units

0.0
0.0
0.0
=0.15
=0.15
=-0.15
0.06
0.06
0.06

14.0

0.0
0.0

0.0

0.0

0.0
- 0.0

6.0

deq/n/q”
deg/b/g’
deg/h/g”
deg/h/g
deg/m/q’
deq/h/g2

deq/h/q2
deg/h/g
deg/h/g

ppm/deq/s
PPm/rad/S

[ %)

', ppm/rad/s
 poo/rad/s
ppav/rad/s

ppm/rad/

Description

compensation X

input - ocutput

axis acceleration<{Y ! gyro.
squared sensitive

coefficient 2
compensation - X

output -~ gpin axi
acceleration- Y gyro.
squared sensitive
coefficient 2
compensation X

input - spin axis _
acceleration- Y/ gyro.
squared sensitivi
coefficient 2

« gyro spin-axis minus input-
axis moment of inertia

cempensation X
negative scale-

factor error Y ) gyro.
varying with

rate 3
compensation IR
positive scale- ,
factor error . ¥ > gyro.
varying with

rate 2

‘module grine interval

(b) ' Common Initialization File (PFILE)
FORTRAN unit numbers 7 '
FORTRAN format:
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TR ‘.‘"’\‘M’ G S\ et L T ey ‘.-}'?'K‘*:‘?CY‘{M?‘?({:“‘"‘\"w&’!‘.,"fﬁ‘ﬂz AN T TR T YU SR (i e e e Y,

T L A N S5t e e {3 ey e e e e

:% .
ﬂf Index Variable Default Value Units Description
- 1 WE 0.729211514E-4  rad/s earth rotation rate
é 2 RE 20925640.0 ft earth radius
3 6 32.2 ft/s® nominal gravity
g 4 PRNTDT 6.0 s printing frequency
; 5 PBUF (1) 0.0 ---  not used
k
‘
? (4) cCall-Line Data
i. Input
(T, IENDF, , DVA,
DTRETZ)
K s, S——
: Output
; . (a) Call-Line Input
% Variable Units  Data Type Description
: p 8 ' REML current simulation time
-:»': : R
3 IENDF logical  INTEGER - last-pass indicator
£ ' _ o
: DYETO  rad REAL -~ quontized integral of angular rate
S S “about X, ¥, Z gyro input axes
{fast-cycle computation, dacouwm-
lated over slow cycle) -
COVA ft/s ' REAL compansated qu&ntizcd incromental -
, : velocity (fast-cycle computations
accunulated over slow cycle)
{b) tall-Line Cutput
Variable Units Data Type _ Description
T o o lmﬁ&‘ rad REAL . compensated, quantized intogral of
' : : angular rate about X, Y, 2 gyro input
axes {fast-cycle conputations acoumiae
lated ovur slow cycle} ‘
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(5) Formulation

(a) Initializaticn Function

The initialization switch, INITSW, is initialized to zero in a
DATA statement. The following functions are performed on the first
pass, if INITSW = (G, IENDF = G, and if the module operating cycle time
has elapsed.

e Read and print initialization file (IFILE).

‘e Read common initialization file (PFILE).

e Set OFILE = XFILE,

e Convert initialization data to computational units,
SM1 = SFML % 1,E - 6 |
$Pl = SFF1 * L.E - 6
SPO = SFPO * 1.E - 6
SNO = SFNO * 1,E- 6

.

BIAS = BIRS * 4,858 - 6

- —t

KT = RE o 4.85E - 6/G
_ - , _

G w WD * 485 - 645
B o« (B a.858-6/0
KEF e KT ¢ 4058 - 6/6°
ds « KI5 * 4.85 - 6/5°
2

K0S = KOS * 4.85E - 6/%
kEs e 35 ¢ 4.85E - e}cz
Ko w K0 * 4.85E - 6460
I = XX Y 2.37E -
DELI = DELI * 2.37E - 6

H = H*2.37E-6
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4

where the conversion factors are

AT R T AR A R LT A

g lb-ft2 = 2,37E - 6 gm-cm2
4 unity = 1,E - 6 ppm
§ dea/h/g 4.85E -~ 6 rad/s/g
§ 2 2
: deg/h/g” = 4.85E - 6 rad/s/g
% Define the matrix, QOEG, from the second row (i.e., the output
* * *
] axas of the X, Y, and 2 gyros) of QGBX, QGBY, and QGBZ, respectively,
§ QGBX(4) QGBX(5) QGBX (6)
QOBG = | QGBY(4) QGBY (5) QGBY (6)
o QGBZ (4) QGBZ (5) QGBZ (6)
:
% The initialization switch.is set, INITSW = 1, and the current simulation
; tine is incremented
;
TCGY = T + DY
f Now the gsubroutine returns to the main prograw.
§ (b) General Function
The following functions are performed every module operating
3 cycle.
!
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AgOiis

b RS

The quantized integral of the angular rate about the X, Y, and

Z gyro input axes are compensated for positive scale-factor error when
DTHETO > 0.0 by the factor

i e,

L e, A SN AT

Tl = 1, + SPO + SP1l * DTHETO/DT
and for negative scale-factor error when DTHETO < 0.0 by the factor

T1 = 1. + SMO + SM1 * DTHETO/DT

A bias correction is added,

DTHETO = DTHETO * T1 + BIAS
The quantized integral of angular rate, DTHETO, is compensated
for acceleration effects for X, Y, and 2 gyro, in turn.

First, for the X gyro, the vector DVA is transformed from the
X, ¥, 2 accelerometer input-axis coordinates to accelerometer (input,
output, and pendulous) ceoordinates

[un— L -
DVG = QGBX * DVA

Also, for the X gyro, the vector DTHEID is similarly transformed from
the X, ¥, Z gyro input-axis coordinates to gyro (input, output, spin)
coordinatos

- W -
DIHETG = QGBX * DTHEIO

Similarly, for the ¥ gyro

- ok e+ s N aespee ne ot eiea

— L -
VG = QGBY * DVA
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and

* —
DTHETG = QGBY * DTHETO
and for the Z gyro
-— E ] —
DVG = QGBZ * DVA
———— * —
DTHETG = QGBZ * DTIKETO

From the transformed vectors, DVG and DTHETG, the acceleration
effects and anisoinertia compensation are computed for the X, Y, and

Z gyros

DTHETO = DIHETO + KI*DVG(1l) + KO*DVG(2) + KS*DVG(3)
+(KBS*DVG (2) *DVG(3) + KSS*DVG(3)2 + KTI*DVG(1) 2
+ KIS*DVG(l) *DVG(3) + KIO*DVG(1l) * DVG(2))/DT

- DELI®DTHETG(1l) * DTHETG(3)/(H*DT)

Finally, output axis coupling compensation is accomplished by the
following computation on all passes except the first pass after initiali-
zation, when K1 = 0, First, the difference between DIHETO and DTH,
where DTH = DIHETO of the previous pass is defined as

WwDOT = DIHETO - DIH

and WOOT is resolved about the X, ¥, Z gyro output axes, as DWO

- # e
DWO = QOBG * WDOT
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and
DTHETO = DTHETO + IXX * DWO/(H * DT)

with components about the X, Y, and 2 gyro input axis.
On every pass, DTHETO is restored as DTH

DIH = DTHETO
for use in the subsequent pass. K10 set to 1 on the first pass after

initialization.

The quantized integral of angular rate, DTHETZ, about the X, Y,
and 2 gyro input axes is compensated for misalignment

o——— * -—
DTHETZ = QMIS * DTHETO
The vector, DTHETZ, is printad and the simulation time incremented
TCGY = T + DT

The subroutine now returns to the main program,

(6)  Qutput

{a) Print
FORTRAN unit number: OFILE w» 6

On the initialization pass, the title "GYR COMPENSATION INITIALIZA-
TION" and the initialization data are printed.

Printed ocutput is produced at PRNTDT or MODPDY intervals when
PRNTSW > 1. See Section 2.2 for printe control logic. The printed
output is, as follows '
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Variable Units Description
DTHETZ rad compensated quantized integral of angular

rate about the X, ¥, Z gyro input axes over
the slow computacion cycle plus errors

{7) Subroutines Called (See Section 2,3.15)

MXV = matrix by vector product
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2,3.11 LASER GYRO COMPENSATION MODULE (GCOMP)

(1) General Description

The compensation module accepts incremental rotations from thg
simulated laser gyros and produces compensated incremental rotations in
body coordinates. The module contains compensation for the following

erxor sources:

gyro input axis misalignment
scale factor error
scale factor turn-on transient

gyro bias

turn=on transient drift

(2) Gyro Module Flow Diagram

Figure 1 is a flow diagram of the laser gyro compensation module.
The module is initialized on the first pass through the routine. The
compensation module initialization file (IFILE) is read and the compensation
parameters are converted to internal program units. The program then
performs the normal module operations. An analytical description of the
laser compensation equations is given in volume II, Section 5,.2.3.

(3) Input
(a) Module Initialization File (IPILE)

- PORTRAN unit number : 69
FORTRAN format: 15, ¥20,10
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e e D e ST

INITIAL-

YES

IZATION?

CALCULATE
EXPONENTIAL DRIFT
AND SCALE FACTOR

TRANSIENT COMPENSATION
ADD SF TRANSIENTS
TO -THE KW MATRIX

COMPENSATE
FOR SYRO BIAS.
_EXPONENTIAL' ORIFT,
SCALE FACTCR BIAS
AND SF TRANSIENT

i

RETURN

. Figure 1.
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READ
INITIALIZATION
FILE (IFILE)

DATA

WRITE
INITIALIZATION

CONVERT
INITIALIZATION
DATA TO INTERNAL
PROGRAM UNITS

|

DELETE EXPONENTIAL
TERMS IF TIME -
CONSTANYS NOT

POSITIVE

Laser Gyro Compensation Hodule Flow Diagram
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Default
Index Variable vValue Units Desgcription

1 pr 0.02 -] module operating frequéncy

2 PRNTSW 1.0 logical print switch (0 - no print,
: otherwise print)

OUTSW 0.0 —— not used
XFILE 6.0 logical FORTRAN unit number for printout

# % SPARE1 0.0 -— not used
* \%
= l MODPDT 6.0 8 module print interval

DB (1) 0.7 deg/hr
: DB(2) 0.4 deg/hr
- 10 DB (3) -0.6 deg/hr
J : 11 DTA(l) 0.06 deg/hr
12 DTA(2)  -0.03  deg/hr
13 DTA{3) «0,05 deg/hr
14 DIC(l)  45.0 min S
15 - prc(2)  45.0 min - trangient drift time constant
16 DIC(3) 45,0 min | -
7 SFTA(l) 0.8 ppan |
18 sFTAl2)  =0,7 | ppm - trangient scale factor amplitude
19 sPa(3) 1.0 ppon | ‘
20 sPrc(l) . 45,0 min
21 - sPre(d)  45.0 . min
22 SPicl3)  45.0  wmin
23 R . L0 ppe
S24 0 pe(z) 20,0 ppa
R B I L 50,0.0 ppm
26 KXW(4) 40,0  ppa
2L wis) LS. ppm
S8 wee) L 30,0 ppm
U290 KNI «30,0  ppm
S0 KW(B)  C -40.0 . . ppm
A om) a0 g

3
4
5
6 SPAREZ 0.0 -— not used
7
8
9 gyro bias

transient drift magnitude

AV
* . N g

transient scale factor time constant

——— — i g,

- f ayro 5¥ and gyro input axis (IA)
migalignment matris . _

{® wain diagonal = SF bias (ppd) _
e off diagonal ‘=’ IA mis (microrsd ppm)
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(b) Common Initialization File (PFILE)
FORTRAN unit number: 7
FORTRAN format: 15, F20.10

Default
Index Variable Value Units Description
1 WE 0.729211514E-4 rad/s earth rotation rate
2 RE 20925640,0 ft earth radius
3 G 32,2 ft/s2 nominal gravity
4 PRNTDT 6.0 s printing frequency
5 PBUF (1) 0.0 ——— not used
(4) Call~Line Data
Input
(T, IENDF, DTHETO, DVA,
DTHETZ)
A4
Output
{(a) Call=Line Input
variable Units ~ Data Type Description
T 8 REAL Current simulation time
IENDF logical INTEGER last-pass indicator
DIHETO rvad REAL guantized integral of angular rate
about ¥, ¥, 2 gyro input axes
{fast-cycle computation, accumu-
lated over slow cycle)
DVA R , REAL not used
'
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(b} Call-Line OQutput

Variable Units Data Type
DTHET2 rad REAL

(5)  Fosrmulation
(a) 1Initialization Function

Description

compensated, quantized integral of
angulay rate about X, Y, 2 gyro
input axes (fast-cycle computations
accumulated over slow cycle)

The initialization switch, INITSW, is initialized to zero in a DATA

statement,

The following functions are performed on the first pass, if

INITSW = O, IENDF = 0, and if the module operating cycle time has elapsed.

e Read and print initialization file (IPILE).

® Read common initialization file (PFILE).

e Set OFILE = XFILE.

Inte:nal units are:
DB = DB * DTR/3600,
DTA DTA * DIR/3500,
pDYC = DIC * 60,

SFTA = SFTA * 1.E=G.
SPTC = SFIC * 60,
K o KW * 1.E~6

- @ Qonvert the initialization data to internal program units,

radians, feet, and seconds,

where DTR equals.degreegfco~radiansconversion factor.

'® Compute the exponential drift and exponential scale factor coefficients.

EXPD = EXP(-DT/DIC )
EXPSF = EXP(~DI/SFIC )
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The vector DTC contains the time constants of the exponential drifts
and SFTC contains the time constants of the exponential sqale factors.
The elements of EXPD and EXPSF are set to zero if the corresponding
time constants are nonpositive, The difference equation for each of

the terms is of the form

» = * EXPC
: DT(n+l) DT(n) EXPD

Sp(ti+l) = S,(n) * EXPSF

Thus, the individual transients are set to zero if the associated time

TR R T

constant is not positive, This allows the user to delete compensation
for any of the transient terms by setting the amplitude and time

congtant to zero,

The initialization switch is set, INITSW = 1, and the current simulation
time is incremented

TCGY = T 4 DT

PRI T T BT ST TG TR T 2

Now the subroutine returns to the main program.

(b)  General Function

The following functions are pexformed every module operating cycle,

e Compute the trangient drift and scale factor compensation.

DPA = DFA * EXPD
SFTA = SFTA * EXPSP

~The transient terms are set to zero if the magnitude becomes less than
1.E~10 to prevent underflow. ' ' ’
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@ Add the scale factor transient to the scala factor bias. Insert

*
the sum on the main diagonal of the rate sensitive matrix Xw.
KW(K) = SF(I) + SFTA(I), where K = diagonal elements
L]

The off diagonal elements of KW contain the IA misalignments.

@ (ompute the compensated incremental rotation DTHETZ.

DTHETZ = [( I-XW) DIHETO - ( DB + DTA) D1]

where A
DFHETO = quantized angles from the simulated laser gyros
DB = gyro bias compensation ' |
DTA = trangient drift compensation
K& = angular rate sensitive coefficient compensgation
; = jdentity matrix

The vector, DTHETZ, is printed and the simulation time incremented
TCGY = T + DT
The subroutiane now returns to the main program. -

(6} Output
o (a) Print
FORTRAN unit number: CFILE = 6

_ On the initialization pass, the title “LASER GYRO COBPENSA‘&ION' _'
| INITIALIZATION® and the initialization data are printed, R
_ | o
Printed output is produced at PRNTDT or NODPU! intexvals wien APVRN';‘sw > 1,
' See Section 2.2 for printe control logic. The printed output is, as '

follows
Variable Units  ~  Description
DTHETZ rad ' Compensated quantized integral of angular

rate about the X, Y, 2 gyro input axes over
the slow computation cycle plus errors
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(7)

Subroutines Called (See Section 2.3.15)

MXV = matrix by vector product
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2.3.12 ATTITUDE AND VELOCITY ALGORITHM MODULE (ALG)

(1) General Description

The first segment of this mudule, the "attitude" algorithm pro-‘
cesses the incremental angle data, A0, (from the gyro compensation
module) to update the body-to-inertial transformation, Cé, the initial
value of which is computed in the initilization pass. Either a qua-
ternion or a direction cosine matrix update, of first through third

order, may be employed, as specified by the user.

The second seqment uses c; to transform the incremental velocities,
Av, (from the accelerometer compensation module) to the inertial frame,
where they may be summed, and passed on to the navigation module.
An additional transformation from the inertial frame ta the navi-
] $ . .
gator's earth-fixed frame, C? . 15 applied to C; before it is passed

on to the latter module for use in attitude computation.

(2) Attitude and Velocity algorithm Module Flow Diagram

The gencral logic flow of the ALG module is shown in Pigure 1. A

{3)  Input
{a) Module Initialization File (XFrLE)

FORTRAN unit numbey s : 70

- PORTRAN formats 15, F20.10
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Figure 1, Velocity and attitude algorithm module flow diagram
' 4
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Default

Index Variable value Units Description
1 DT 0.02 secs module operating frequency
2 PRNTSW 1.0 logical print switch (0 = no print, other~
wise print)
OUTSW 0.0 —— not used
4 XFILE 6.0 logical FORTRAN unit number for printout
QORDCM 1.0  logical  algorithm switch{o - quaternion
. 1 - direction
cosine matrix
6 MODPDT 6.0 secs module print interval
7-10 === —— - not used
11 ORDER 3.0 logical order specification [ first-order=l
for quaternion or second~order =2
direction cosine third-order=3
{dcm) update
12 DTNRM 4.9 secs time increment between quaternion
or dcm normalization calculation
13 DTSLOW 0.0 - not used
14 LATERR 0.0 deg initial vehicle latitude srxor
15 LONERR 0.0 deg initial vehigle longitude axror :
:; 16 WANERR 0.0 deg initial vehicle wander angle error
' 17 PITERR 0.0 deg initial vehicle pitch error
18 ROLERR 0.0 deqg initial vehicle roll error
19 YAWERR 0.0 - deg initial vehicle yaw error
(b) Common Initialization File (PFILE)
FORTRAN unit number: 7
FORTRAN format: 15, F20.10
Default
Index Variable Value Unite Description
1 WE 0.7292115147E-4 rad/sec earth rotation rate
2 RE 20925640.0 ft sarth radivs
3 G o .2 ft/secz nominal gravity
4 . PRNTDT 6.0 sews printing frequoncy
5 ILAT 0.0 do’j initial latitude ,
6 1LON 0.0 deg » winitial longitude ' .




% : Default
%, Index Variable Value Units Description
g . 7 WANDER 0.0 deg initial wander angle
§ : J— 0.0 -—- not used
; 9  ROLL 0.0 deg initial roll angle
& 10  PITCH 6.0 deg initial pitch angle
% 11 YAW 0.0 deg initial yaw angle
' (4) cCall Line Data
f INPUT
L

X

M_’—-\
T, IENDF, DTHETI, DV,

e g

& IN
i - Y
£ i,
: OUTPUT
(a) Call Line Input
Variable - Units Data Type Description
/
T secs REAL current simulation time
JENDF logical INTEGER last pass indicator
DTHETY rad REAL compansated quantized inte-

gral of angular rate about

X,Y,2 gyro input axes (fast
¢ycle computations accumu-

lated over slow cycle)

bv ft/sec  REAL compensated quantized inte-
, gral of vehicle specific
force along X,Y,2 acceler-
ometer input axes (fast
cycle computetions acoumu-
lated over slow ayele)
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(b)

Variable
DVN

Call Line Output

Units Data Type Description

ft/sec  REAL quantized intagral of
vehicle specific force in
the inertial frame of the
local level navigation
module (LIN)

units REAL direction cosine matrix
(body to earth-fixed frame
transformation)

(5) PFormulation

(a)
The

Initialization Function
initialization switch, INITSW, is initialized to zero in a

DATA statement. The following functions are performed on the first

pass, if

INITSW = 0, IENDF = 0, and if the module operating cycle time

has elapsed.

Read and print initialization file (IFILE).
Read common initialization file (PFILE).

Set OPILE = XFILE
NQDCM = QORDCM
NORDER = ORDER

Initialize
DWN_ = 0.0
DTHPRE = 0.0

Define the following quantities,
INORM = T + DINRM
and convert the angles in degrees to radians,

TCoSP = €S ( (PYTCH4PITERR) /RDTODG)
COSY = COS ((YAW+YAWERR)/RDTODG)

" COSR = COS ((ROLL+ROLLERR)/RDTODG)
© COSLAT = C0S ( (ILAT+LATERR) /RDTODG)
COBLON = COS ((XLON+LONERR)/RDTODG)

S COSW = COS ( (WANDER+WARERR) /RDIVDG)
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SINP = SIN ((PITCH+PITERR)/RDTODG)

SINY = SIN ({YAW+YAWERR) /RDTODG)

SINR = SIN ( (ROLL+ROLLERR) /RDTODG)
SINLAT = SIN ((ILA'I‘+LA'1'ERR)/RDTODG)
SINION = SIN ((ILON+LONERR) /RDTODG)

SINW = SIN ( (NANDER+WANERR) /RDTODG)

where the conversion factor,

RDTODG = 57,29577951 deg/rad

*
Further the matrix, QPB, a body to computational frame transfor-
mation matrix is defined,

i
COSP*SINY’-SINR*SINF*SINY~COSY*COSR'-COSR*SINP*SINY+COSY*SINR
*
OPB = COSP*COSY|—SINRﬁSINP*COSY+COSR*SINY|-COSR*SINP*COSY-SINR*SINY
SINP [ COSP*SINR } COSP*COSR

from the single axis rotations (Appendix a of Volume II)
»*
QPB = 2(-m/2) X(-m) 2Z(-Y¥) ¥Y(-P) X(~R) X(-m)

%
'I‘he‘ matrix, QIB, a computational to inertial frame transformaticn
matrix is defined,

COSLONACOSW-SINLON usmw.smwr" -smw-cosmn-cosmsmwa-smurlcoswr-smn
‘Q;Pl " SINWCOSLAT COSWeCOSLAYT ! SINLAT
’ -coswoszm-«_ammsmuhcoswq SINISINLON “SINLATCOSLONSCOSH| COSLAT#COST

"
The body to inertial frame transformation matrix, QIB, is defined

by the mateix multiplication,

" * L
QIB = QIP » QbR
The vactor, Qﬁ?’l‘, is initiatized as,
QUAT{L) = ((14QIB(1)40IB(S) + QrB(9))/4) /2
QUAT(2) = (QXB(8) -QIB {6} ) / (4%QuAT (1))

QUAT(3) = (QIB(3)-DIB(7))/ (4eQUAT(L))
QUAT{4) = (QIB(4)-OIB(2))/(4guan(1))




for a quaternion update or when NQDCM = 1, for a direction cosine
matrix update, QUAT is initialized as '

QUAT = (0.0, 0.0, 0.0, 0.0)

The vector, DEEP, the previous pass value of DTHETI is
DTHP = (0.0, ®.0, 0.0)

The initialization switch is reéet
INITSW = 1

and the simulaffion time incremented

TALG = T + DT

The gubroutine now returns to the main program,

(b) General Function

The following functions are performed every module opsrating
aycle, ' ' :

»
Define DCNOLD, the direction cosine mgtrix of the previous
pass, as - '

» *
DCHOLD = QIB

4 , .
for use in the interpolated values of D&l and DONNID
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The vectors DTHETA and DTHP are defined

DTHETA = DTHETI
DTHP = BTHETI

*
A direction cosine matrix, DCM, is computed by one of two
update methods; when NQDCM = 0, a quaternion update calculation or
NODCM = 1, a direction cosine matrix update calculation. In either

case there is a choice of a first order, second order, or third order

update.

The quaternion calculation proceeds with the definition of the
*
matrix, UDELT

| l |

-—- , =DTHETA(1) -DTETA(2) | -DTHETA(3)
. |pmEmA@)! - DTHETA(3) | -DIHETA(2)
UDELT | orppa (2) | —pmima (3) -—- | DMETA(L)

DTHETA(3) |  DTHETA(2) =DTHETA(l) | =--
! .

|
where the diagonal elements are undefined. (See Vol. 1I, Section 7 -
for quaternion update discussion.)

N ——— S v
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For the first order quaternion update, when NORDER = 1, the terms of
the quaternion, QUI-E", are
QUAT(1) = QUAT(1) + (~DTHETA(l)+~QUAT(2)

~DTHETA (2) *QUAT(3)
=~DTHETA (3) #*QUAT (4) ) /2

QUAT(2) = QUAT(2) + ( DTHETA(L)*QUAT(1)
: +DTHETA (3) *QUAT (3)
~DTHETA (2) #QUAT(4) /2

QUAT(3) = QUAT(3) + ( DTHETA (2)#QUAT(1)
=DTHETA (3) *QUAT(2)
+DTHETA (1) #QUAT(4) ) /2

QUAT(4) = OQUAT(4) + ( DTHETA (3) *QUAT (1)
+DTHETA (2) *QUAT(2)
~DTHETA (1) #QUAT(3) ) /2
vhere the terms on the right refer to the values of Q"UET on the previ-

ous pass.

The dot product, UDTH2, is defined for use in both the second and
third oxder quaternion update as

UDTHS = -(D'mE'I‘Ml)a + D’I‘HETMZ)z + m'm(S)z)

The second order quaternion update is calculated, when NORDER = 2,
The terms of the quatornion are expanded for clarity.

QUM‘{J.) u Qm'm.hummz/a) + (“DTHETA (1) *QUAT (2)
~ =DTHETA (2) »QUAT(3)
~DTHETA (3) *QUAT (4) ) /2

QUAT{2) = QUAT(2)«(1+UDTH2/8) + ( DTHETA (1) «QUAT (1)
: +DTHETA(3) *QUAT(3)
=DTHETA(2) «QUAT(4) ) /2

QUAT(3) = QUAT(3)# (1+UDTH2/8) + ( DTHETA(2) *QUAT (1)

~DTHETA(3) «QUAT(2)
+UTHETA (1) «QUAT(4) ) /2
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QUAT(4) = QUAT(4)+(1+UDTH2/8) + ( DTHETA(3)*QUAT(1)"
+DTHETA (2 ) #QUAT (2)
~DTHETA (1) #QUAT (3) ) /2

The third order quaternion update is calculated, when NORDER = 3,

The terms of the quaternion are expanded for clarity. The cross prod-

" uct, Lsih, is defined for the angles, DTHETA, and DTHPRE of the previ-
ous pass DTHETA,

LDTH = DTHPRE X DTHETA

S - . " oy . B o
. o C TR aet il ST oV o “ Sl S Al SR e i SR A SRS R A
LR PR f iyl o S Sl i N E AN (Sl o T R B L B AR RS o SRR NS S SR R 7

These cross products are redefined in -a matrix, LDEﬂTZ.
— | -wm |-wome) '_anﬂ(a)
wELT? = LDTH(1) | --= | LDTH(3) |-1DTH(2)
LDTH(2) | -IDTH(3) | --- l LDTH (1)
LDTH(3) : LDTH(2) | ~LDTH(1) | ===
where the diagonal elements are undefined.
QUAT(1) = QUAT(1) * (1+UDTH2/8)
+QUAT{2) * (=(1/2+UDTH2/48) *DTHETA (1) ~LDTH(1)/24)
+QUAT(3) * (=(1/2+UDTH2/48) *DTHETA (2)~LDTH(2) /24)
+QUAT(4) * (-(1/2+UDTH2/48) *DTHETA(3) ~LDTH (3)/24)
QUAT(2) = QUAT(2) * (l+UDTH2/8)
+QUAT(L) * ( (1/2+UDTH2/48) *DTHETA (1)+LDTH(1)/24)
+QUAT(3) * ( (1/2+UDTH2/48) *DTHETA (3) +LDTH{3)/24)
+QUAT(4) * {~(1/24UDTH2/48) *DTHETA (2) ~LDTH(2) /24
QUAT(3) = QUAT(3) * (LeUDTH2/8) : :
+QUAT (1) * ( {1/2+UDTH2/48B) *DTHETA (2)+LDTH(2)/24)
+QUAT(2) * («(1/24UD1H2/ 48) *DTHETA (1) ~LDTH (3) /24)
+QUAT(4) * ( (1/24UDTH2/48) *DTHETA (1) +2DTH (1) /24)
QUAT(4) = QUAT(4} * (1+UDTH2/8)
o HUAT(L) * ( (1/24UDTH2/48) *DTHETA (3) +LDTH (3) /24)
HQUAT(2) * ( (1/24UDTHZ/ 48) *DTHETA (2) +LDTH (2) /24)
+QUAT(3) *

(-j1/2+UQTB2/48)‘DTHETA(1)~LDTH(1)/24)
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If NORDER # 1, 2, or 3, the statement, "ORDER NOT PROPERLY SPECIFIED"
is printed, the last pass switch is set, IENDF = 1, and the subroutine

returns to the main program.

The simulation time is tested and if the interval DTNRM has
elapsed or T > TNORM

the quaternion is normalized
QUAT = QUK'T/[QUAfr(l)2 + QuAT(2)? + QUAT(3)2]1/?

and the normalization time is incremented
TNORM = T + DTNRM

*
The quaternion is converted to the direction cosine matrix, DCM.

First define:
01§ = Quar(2)?
028 = quam(3)?
03s = QUAT(4)2
Q0L = QUAT(L) * QUAT(2)
Q02 = QUAT(l) * QUAT(3)
Q03 = QUAT(1) * QUAT(4)
012 = QUAT(2) * QUAT(3)
Q23 = QUAT(3) * QUAT(4)
Q31 = QUAT(4) * QUAT(2)
Then '
1-2%(Q256038) | 2%(QL2-003) |  2%(Q314002)
DCM = | 24(Q124003) 1-2¢(035-015) | 2w (p2avgon)
2%(Q31-002) | 2%(Q23+Q01) | 1-2%(Q1S4Q25)
An alternative to the quapornion update calculation is the dixec-

tion cosine matrix update.

L ]
For the first oxder updato, when NORDER = 1, the mac;ix. DTN is
dofined.
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1 | -DTHETA(3) } DTHETA (2)
*
DIM = | DTHETA(3) : 1 | -DTHETA(L)
-DHETA(2) | DMETAGL) | 1

For the second order direction cosine matrix update, when
NORDER = 2, the followinj terms are calculated and added to the first
order matrix, D;M.

First Order
prM(1) | pm(2) | pmM(3)
DIM = | DTM(4) | DIM(5) | o (6)

DI™M(7) | DTM(8) | DTM(9} i

*(DTRETA(2)2+DTHETA(3)2| DTHETA (1) *DTHETA(2) | DTHETA(3) *DTHETA(1)
+1/2+ DTMHETA(L)*DTHETA(2) [MDMHETA(3 +pmHERA(L)?) | DTHETA(2) *DTHETA(3)
DIHETA(3)DUHETA(L) | DIHETA(2)+DIHETA(3) |~ (DTHETA(L) Z+DmiETA(2)?) |

For the third order direction cosine matrix update, when NORDER =
3, the following terms are caculated and added to the second order
"
matrix, DIM,

First define the texm, D
D = 0,16666666666666 * (DTHET&(I)2+DTHETA(2)2+UTHETA(3)2)

Then define the thivd ordor terms Cl, C2, and C3. In this vexsion
these terms are set to zero,

cl = 0.0
2 = 0.0
c3 = 0.0
‘;i due to the infinite accelerations generated ih the available version of
fé_ b ’ PROFGEN. The correct terms are dofined in comment statements for the

third order

N T T TG P WLII, " TGOV VIR o SN Wy SR o ¢ S B e, 40T TN g s smfear s o e sy i v e e e i emr i s - . e y en g . s gt - " o 2
e B By R e T o O A N S T T R L T e I IV e e M g eI ©T T S 0 e G S TR < T e R 67 B L YT A ST S A (T TR T e RS e et et
. .
. .
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Cl = 0.8333333333333*D-1*(DTHETA(3) *DTHPRE (2) -DTHETA (2) *DTHPRE(3) )
C2 = 0.8333333333333*D-1* (-DTHETA (3) *DTHPRE (1) +DTHETA (1) *DTHPRE (3) )
C3 = 0.8333333333333*D~1*(DTHETA (2) *DTHPRE (1) -DTHETA (1) *DTHPRE(2) )

Thus,

Second Order

P,

pri(l) loTM(2) | DM(3)

*
DTM ={DTM(4) | DTM(5) | DTM(6)

DTM(7) :DTM(B) | prM(9)

|
0 | D*DTHETA(3)~C3 | ~D*DTHETA(2)+C2
+ |-pvormeTA(a)cs | 0 | DYDTHETA(1)-Cl
D¥*DTHETA (2)~C2 | -D*DTHETA(L)+CL | 0

If NORDER # 1, 2, or 3, the statement, "ORDER NOT PROPERLY SPECIFIED*
is printed, the last pass switch is set, IENDF = 1, and the subroutins
returns to the main program.

The matrix, D’?‘H. is multiplied by the body to inertial frame trans-
formation matrix, QEB. to obtain the direction cosine watrix of the
_firsc, second, or third order update as a body to imertial franme trang-
formation.

| DM = QIb * DIN

The divection cosine matyix, DE:H. is normalized at intervals of
DINRM soconds or each tiwe, T > TNORM. Normalization takes the form
of thc_a first order orthonormalization,

" L | » L » »
DCH = OUCM - 5 # DCH * (DCH * XM - 1)
- _ ,
where I is the identity matrix.

. The normalization time is incromented
| TNORN = T + DANRM
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The normalized direction cosine matrix is stored in the body to

*
inertial irame transformation matrix, QIB, for use on the next pass,
%* *
QIB = DCM

*
Now form approximate midpoint direction cosine matrix, DCMMID,

e
from DCM of this and previous pass.
* * *
DCMMID = (DCM + DCMOLD)/2

Using the approximate midpoint direction cosine matrix, DCQHID,
obtained either from the quaternion or directio cosine matrix update,
the coumpensated quantized integrals of the specific force, DV} are
transformed to the inertial frame

- * —_
DVI = DCMMID * DV

The quantized specific force increments, DV&, are summed to be
compatible with the LN module operating frogquency. (DVN is zeroed
in the LLN module) and the reference frame is transformed from the
ALG inertial frame to the LLN inertial £rame.

DVN{1) = DVN(1) + DVI(3)
© DVN(2) = DYN{2) ¥ DVI(1)
DVN(3) = DVN(3) + LVI{2)

The direction cosine matrix Is converted from a body to inertial
frame to a body to carth-fixed frame transformation,

| P
SWET | 0.0 | Cwer
L | *
pcH = | cwET l 0.0 :-swa'r * Doy
0.0 ' 1-0 , 0.0
b




F_
£

where

CWET = COS(WE * T)
SWET = SIN(WE * 1)

Finally if the update order is third order, NORDER = 3, the
quantized integral of angular rate, DTHETA is stored in DTHPRE for
use in the next pass

DTHPRE = DTHETA
The quantized integral of specifi¢ force, DVN, the direction
* —
cosine matrix, DCM, and the quaternion, QUAT (if NODCM = 0) are printed
and the simulation time is incremented
TALG =2 T + DY
{6) Output
~(a) print

| FORTRAN unit numbers OFILE = 6

On the initialization pags the title “ALGORITHN wmm.:zmmn'
- and the initialization data are pr;nt:ed.

Printed output i8 produced .t PRNTDT or NODFDT inotervals when -
PRNTSW & - 1. Sce Section 2.2 of Vol. 1II for print control logic. -




The printout is as follows:

Variable Units Description

DVN ft/s quantized integral of specific force along
the X,Y,2 accelerometer input axes in the
inertial frame of the local level naviga=-
tion module (LLN)

anb unity quaternion
] .
DCM unity the direction cosine matrix (to transform
from the body frame to the earth fixed
frame)

(7) Subroutines Called (See Vol. III, Section 2,3.15)

MTXM - Matrix transpose by matrix product
MXM - Matrix by matrix product
MXV = Matrix by vector product
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2.3.13 LOCAL LEVEL NAVIGATOR MODULE (LLN)

(1) General Description

The software algorithms for a local-level wander-azimuth navigator
are incorporated by this module. The inertially referenced incremental
vehicle velocity, passed over from the attitude and velocity algorithm
module (ALG), is transformed to local-level wander-azimuth coordinates,
and then used to update the vehicle current position and velocity. The
body-to-"new"-earth-fixed transformation from the aALG module, is further
transformed to the "new" computational frame, and used in attitude com-
putation. An altimeter loop is also employed, using the simulated bar-
ocaltimeter measurement from the altimeter module (ALTI), for the purpose

of stabilizing the vertical channel.

(2) local-Level Wander-Azimuth Navigater Module Computational
Flow Diagram

The general flow logic of the LLN module is illustrated in Figure 1.

(3) Input

(a) Module Initialization File (IFILE)

FORTRAN unit number: 80
FORTRAN format: 1I5, F20.10

Index Variable Default Units Description
Value

1 DT 0.02 s module operating cycle time

2 PRNTSW 1.0 logical print switch (0 - no print,
otherwise print)

3 OouUTSW 0.0 - not used

4 XFILE 6.0 logical FORTRAN unit number for
printout

5 SPARE 1 0.0 - not used

6 MODPOT 6.0 s module print cycle time
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END OF
BIMULATION

HRETURN

INITIAL-

500

1ZATION

FOR KEXT
ITERATION

'VES

TRANSFORM THE CHANGE
1N VFLOCITY FROM
INEHTIAL TO EARTH
FIXED COORDINATES

AT MID-COMP CYCLE

i

TRANSFORM THE CHANGE
INVELOCITY FROM

EARTH FIXED COORDINATES
TO LOCAL LEVEL WANDER
AZIMUTH COORDINATES

AT MIO-COMP CYCLE

!

UPDATE VELOCITY
IN UEN FHAME
FOR AL O

]

AGD
VERTICAL
DANPING
TERA

{

AVERAGE OLD & NIW
VELGCITY TOQBTAIN
INTERPOLATED VALUE
& EX3APOLAYE

]

COMFUTE ANGULAR
VELOCITY 1O
{CALL ANG. VEL)

{

UPDATE TRANSFORMATION
MATRIX FROM COMPUTATIONAL
TO EARTH-FIXED {CALL AUP)

{CALL MAY

TIME FGR
ORTHO-
NORMALIZATION

ORTHO-NORMALIZE
TRANSFORMATION
MATRIX

Figure 1. Local Level Navigator Module
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READ
INITIALIZATION
DATA FILE

READ PDATA
FILE

INITIALIZE
VERTICAL DAMPING

1

CONVERT TO
PROPER UNITS

1

CALCULATE INITtAL
COMPUTATIONAL TO
EARTH FIXED TRANS-
fORMATION

1

COMPUTE EARTH
RELATIVE
VELOCITY

!

COMPUTE ANGULAR
VELOCITY (CALL
ANG VEL)

!

COMPUTE INERTIAL
FRAME HATE > DT
& CORIOLIS CORRFCTION

{

UPDATE TRANSFORM
MATRIX AT MID-COMP
CYCLE (CALL AUP}

!

TRANSFORM & TO
MID-COMP CYCLE
(CALL MM)

1

EXTRAPOLATE WANDER
ANGLE TO MID-COMP

CYCLE

COMPUTE GRAVITY
AT MID-COMP CYCLE
(CALL GRAV)

1

COMPUTE CORIOLIS
CORRECTION AT MID-
COMP CYCLE

{CALL TORCOR)

WRITE
INITIALIZATION
DATA

AETURN
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Figure

1,

EXTRAPOLATE TRANS-
FORMATION MATRIX TO
MID-COMP CYCLE {CALL
AUPHCALL MM)

1

COMPUTE VERTICAL
DAMPING TERMS &
EXTRAPOLATION

!

EXTRACT LAT, LON, ALF
& EXTRAPOLATE ALF
(THE WANDER ANGLE)

1

TRANSFORM
VELOCITIES
TO ENU

!

COMPUTE GRAVITY
EXTRAPOLATED TO MID-
COMP CYCLE (CALL GRAV)

1

COMPUTE ANGULAR
RATE RHO
(CALL ANVEL)

!

COMPUTE COMPUTATIONAL

TO INERTIAL RATES X DT
& COORDS CORRECTIONS
{CALL TORCOR)

!

ZERO DVI

!

COMPUTE ATTITUDE
MATRIX. & EXTRACT
ATTITUDE ANGLES

!

IF PRINT SWITCHES
ARE SET, PRINT
MODULE OUTPUT DATA

RETURN

Local Level Navigatcr Module
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Index

10

11

12

13

14

15

(b) .

Index

(N 2

Variable

ALTERR

VERR(1)

VERR (2)

VERR (3)

LATERR
LONERR

CvD1l

CvVD2

CVD3

Default
Value

0.0

0.0

0.0

0.06

0.00162

0.0000162

Units
ft
ft/s
ft/s

ft/s

deg

deg
1/s

-1/52

3
1/s

Common Initialization File (PFILE)

FORTRAN unit number:
FORTRAN format:

Variable

WE

PRNTDT

ILAT

ILON

WONDER

IH

e A an ot e s M 5 o

2
I5, F20.10
s
0.729211514E-4 rad/s
20925640.0 ft
32,2 ft/s2
6.0 s
0.0 rad
0.0 rad
0.0 rad
0.0 ft

ks LAY} M 20PN T AV i 1 A | stir s
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Description
initial altitude error

initial
(east)

velocity erxror

initial
{(north)

velocity error

initial
{up)

velocity error

initial latitude error

initial longitude error

first vertical damping
coefficient

second vertical damping
coefficient

third vertical damping
coefficient

Description

earth rotation rate
earth radius

nominal gravity
printing frequency
initial latitude
initial longitude
initial wander angle

initial altitude above
sea level




Default
Index Variable Value Units Description

9 ROLL 0.0 rad initial roll angle

10 PITCH 0.0 rad initial pitch angle

11 YAW 0.0 rad initial yaw angle:

12 DROLL 0.0 rad/s first-time derivative of
roll

13 DPITCH 0.0 rad/s first-time derivative of
pitch

14 DYAW 0.0 rad/s first-time derivative of
yaw

15 Iv(l) 0,0 ft/s initial velocity (Vx) -
EAST

16 v (2) 0.0 ft/s initial velocity (V¥) ~
NORTH

17 Iv(3) 0.0 ft/s initial velocity (vZ) = UP

18 IAX 0.0 , ft/s2 initial specific force in

body frame (AX) - EAST

19 IAY 0.0 ft/s2 initial specific force in
' body frame (AY) - NORTH

20 Az 0.0 ft/s2 initial specific force in
body frame (AZ) - UP

(4) Call~Line Data

IN

e —

T, IENDF, DVI, ALTO, DCM,
our
NAVLAT, NAVLON, NAVV, NAVH, NAVP, NAVR, NAVHD)

ouT
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(a)

Call-Line Input

Variable Units Data Type
T s REAL
JENDF logical INTEGER
DVI ft/s REAL
ALTO ft REAL

%*

DCM unity REAL

(b) cCall-Line Output
Variable Units Data Type

) NAVLAT deg REAL
NAVLON deg REAL
NAVV ft/s REAL
NAVH ft REAL
NAVP deg REAL
NAVR deg REAL
NAVHD deg RFAL
(5) Formulation

(a)

Initialization Function

DATA state

The initialization switch, INITSW,

ment..

Description
current simulation time
last-pass indicator
quantized integral of
vehicle specific force in

the inertial frame

indicated altitude from
baroaltimeter

direction cosine matrix

(body to earth-fixed frame
transformation)

Description
computed navigational latitude
computed navigational longitude

computed navigational
vector in ENU frame

velocity

computed navigational altitude

computed navigational pitch
computed navigational roll

computed navigational heading

is initialized to zero in a

The following functions are performed on the first pass,

- if INITSW=0, IENDF =0, and if the module operating cycle time has elapsed.
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Read and print initialization file (IFILE).

™ Read common initialization file (PFILE).

® Set OFILE = XFILE.

Initialize for vertical damping.

H

HB
OHB
DELH
VDMP
NUP
NORTH

Add errors

INAVLA

INAVLO

where RDTODG = 57,29577951 deg/rad

§

0
4

*

IH + ALTERR
ALTO
ALTO
HB - H
CVD3* DELH * DT

and convert units of latitude and longitude to radians

ILAT + (LATERR/RDTODG)

ILON + (LONERR/RDTODB)

The initial up, east, north (UEN) wander angle to earth-fixed trans-

*
formation matrix, A, is computed and printed.

I_COSLT'COSLON : ~CALP*SINION - SALF*SINLT*COSLON ! SALF*SINLON - CALF*SINLT*COSLON

.
A = COSLT*SINLON: COSLON*CALF - SALF*SINLT*SINLON

SINLT

where
SINLT =
COSLT =
SINLON =
COSLON =
SALF =
CALF =

SIN
COos
SIN
Cos
SIN
Ccos

SALF*COSLT

(INAVLA)
(INAVLA)
(INAVLO)
(INAVLO)
(WONDER)
(WONDER)

~SALF*COSLON - CALF*SINLT*SINLON

COSLT*CALF

2-156



Add velocity errors to velocity
NAVV = IV + VERR

and compute initial earth-relative velocity in UEN! - wander-angle

frame.

V(1) = NAVV(3)
Vv(2) = CALF * NAVV(1l) + SALF * NAVV (2)
V(3) = -SALF*NAVV(l) + CALF * 'NAVV(2)

Compute the mid cycle altitude, XH
XH=H +0.5 * v(1) * DT

Compute the initial angular velocity, RHS, of the UEN wander angle

earth-fixed frame in the UEN-wander angle frame.

Set RHO(l1) = 0.0
Call angular velocity computational subroutine (Section 7b)
CALL ANGVEL (V, CALF, SSLAT, H, RHO)

where the input variables are

v = initial earth relative velocity vector
CALF = COSINE of the wander angle

SALF = SINE of the wander angle

SSLAT

SINE of the latitude squared
H = altitude

and the quantity output is

g

O = angular velocity of the UEN-wander angle earth-

fixed frame.

(See Section 7b for subroutine ANGVEL description,)
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Compute computational to inertial frame rate by DT and coriolis
corrections,

e e v Ty Dt G cRIE rrh

* = — —
Call TORCOR (A, RHO, V, DT, THG, WXV)

where the input variables are

*

A = UEN-wander angle to earth-fixed transformation
R?la = initial angular velocity in UEN WA frame

V = initial earth relative velocity

DT = module operating cycle

and the output variables are
THG w computational frame with respect to inertial frame

rate times DT.
WXV coriolis correction

(See Section 7¢ for subroutine TORCOR description.)
[ ] ]
_ To extrapolate A to mid couputation cycle and restore as XA
first define THY and THZ, the ¥ and 2 components of the angular rate

times DT at mid oycle.

THY = RHO(2) * DT/2
THZ = RHO(3) * DT/2

o .
~ Form the update matrix, M2DT

CALL AUP (THY, THZ, M2DT)
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and

* * *
CALL MM (A, M2DT, XA)
* *
to update the transformation matrix, A, to XA matrix. (See Section 7d
for subroutine AUP description).
Extrapolate the wander angle, ALF, to mid computation cycle

DALF = (V(2) * SINLT * DT/2)/(RE * COSLT)

where

T e e R R S A T P T T
PR R B R T R ? CE g e

v(2) = east velocity component
SINLT = SINE of the latitude

PR ¥ D P

& pT = module operating cycle
RE = garth radiusg
COSLT = COSINE cf the latitude

and calculate

L TSR R S T [

XSALF = SALF + DALF * CALF
XCALP = CALF ~ DALF * SAL¥

T g S ST

Compute gravity at mid computation cycle

T el

* —
CALL GRAV (XA, Xii, XSSLAT, GRJL

R T

o De

where the input variables are

" ' i
XA = nid computation cycle UEN-WA to earth-fixed
- transformation matrix
XH & the mid coaputation cycle altitude

ANy,
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and the output variables are

XSSLAT = SINE of the latitude squared at mid computation
cycle
GR = gravity vector at mid computation cycle in the

computational frame
(See Section 7e for subroutine GRAV description).

Compute the coriolis correction, WXV, at mid computation cycle.
* c— — ——
CALL TORCOR (XA, RHO, V, DT, THG, WXV)
where the quantities are described above.

The quantized integral of specific force, dGI, is initialized

for the accumulation at the algorithm (ALG) module cycle time.
DVI = (0.0, 0.0, 0.0)

The units of initial latitude, ILAT, and longitude, ILON, are converted

from radians to degrees and restored as

ILAT * RDTODG
ILON * RDTODG

ITEMP1
ITEMP?2

1]

]
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The initialization switch is reset,

INITSW = 1

and the simulation time incremented

TLILN = T + DT
The subroutine returns to the main program.

(b) General Function

The Following functions are performed every module operating
cycle.

The quantized integral of specific force, DVI, is transformed from

inertial to earth-fixed coordinates at the mid-computation cycle.

or DVE = Z(WET) * DVI
CWET SWET O |
DVE = |-SWET CWET O ; * DVI

0 0

where
CWET = COS({WET)
SWET = SIN(WET)

and WET =

WE * (T - DT/2)

and DVE is further transformed to DG& or from earth-fixed to computational

frame at mid-computation cycle.
The velocity from the previous pass is regtored as

ov.
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The velocity, V, is now updated in the UEN frame for the wander angle = 0O,

V = OV + BUC + WXV + GR * DT
and a vertical damping term is added
V = V + (VDMP + CVD2 * DELH) * DT

The velocity and its value on the previous pass are averaged to

obtain an interpolated value, BV
HV = (V + ov)/2
and extrapolated to obtain XV
XV = (3*V -o0v)/2
To compute the angular velocity, RO, the subroutine ANGVEL is called,
(see Section 7b).
CALL ANGVEL (HV, XCALF, XSALF, XSSLAT, XH, RHO)

where the arrangements are

Hv = the average velocity

XSALF

SINE of the mid-computation cycle
wander angle

XCALF = COSINE of the mid-computation cycle
wander angle

ASSLAT = SINE of the latitude squared

XH = the mid-computation cycle alcitude

RHO = the angular velocity

Using the angular velocity, RHO, the computational to earth fixed

*
transformation matrix, A, is calculated.

First, THY and THZ arc defined,
THY = RHO(2) * DT
THZ = RHO(3) * DT
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* . . . *
and the A matrix update subroutine is called to obtain the matrix, M2DT

*
CALL AUP (THY, THZ, M2DT)

*
The matrix multiplication of the old value of the A - matrix is

* *
multiplied by M2DT to obtain the matrix, ATEMP
* * * .
ATEMP = A * M2DT
* *
and ATEMP is restored as the updated matrix A
* *
A = ATEMP
The update counter initially set to zero is incremented
NUP = NUP + 1
*
The orthonormalization of the transformation matrix, A, is by passed,

when the update counter, NUP, is less than the orthonormalization parameter,

NORTH
IF (NUP .LT. NORTH)
On an orthonormalization pass, reset
NUP = O

*
and the A transformation ma-.rix is now orthonormalized

* * tTt *
A = A-1/2+*aA* (AA - 1I)
» * L ]
and AV . set equal to A to obtain the A matrix in row vector form.

~

N AV = A



The extrapolated mid-computation cycle altitude error is calculated,
DELIl = XHB - XH
from the error between the extrapolated barometric and the computed altitude.
The vertical acceleration error, VDMP, is

VDMP

[}

VDMP + CVD3 * DELH * DT
The computed altitude, H, is stored as the variable NAVH
NAVH = H

The computed latitude, NAVLAT,

NAVLAT = ARCTAN(A(3,1)/(A(1,1)2 + a(2,1)%)Y?

the computed longitude, NAVLON,

NAVLON = ARCTAN(A(2,1)/A(l1,1))

/
and the wander angle/ ALF,

AtoF = ARCTAN(A(3'2)/A(3'3))
/
The wander angle/from the previous pass is denoted as,
I{
/ OALF = ALF
/
and the mid-computftion cycle value of the wander angle is,
/
;
/ DALF = (OALF + ALF)/2

/

}
From the ,‘vandet angle, ALF, are calculated,

’
7
j CALF = COS(ALF)

/ SALF = SIN(ALF)
/ 2-164
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AR E N T

*
Now the transformation matrixz, A, is extrapolated to mid-computation

cycle. THY and THZ are set egual to half of their respective value.

THY

THY/2

THZ THZ/2

* ] - ] » *
and the A matrix update subroutine is called to obtain the M2DT02 matrix.
(Section 7d)
CALL AUP (THY, THZ, M2DT02)

*
The updated transformation matrix, XA, is formed in the matrix multi-

plication,

An updated altitude, H, is calculated from the mid-computations cycle
vertical velocity and the error in the extrapolated values of the calculated
altitude and the barometric altitude.

H = H + (HV(l) + CVDl * DELH) * DT

An extrapolated altitude XH is calculated

XH =H + V(1) * DT/2
The barometric altitude, ALTO is redefined as HB
HBE = ALTO

and the extrapolated barometric altitude is calculated

(3*HB - OHB)/2

&
o
i

where

HB, the barometric altitude on the
previous pass

OHB
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and the extrapolated values of CALF and SALF are calculated from

XSALF

SALF + DALF * CALF
XCALF

CALF - DALF * SALF

and the computed velocity vector, NAVV, is tranformed to ENU fram
or

NAVV = Z(-ALF) * V
_ CALF -SALF O
NAVV = —
SALF CALF O * v
0 0 1

Gravity, GR, extrapolated to mid-computation cycle is calculated by the

subroutine,

*
CALL GRAV (XA, XH, XSSLAT, GR)

where XA = the mid-computation cycle extrapolated
transformation matrix

XH = The mid-computation cycle extrapolated
altitude

L]

XSSLAT = The mid-computation cycle extrapolated

squared sina of the latitude

GR = the gravity vector at mid comp cycle.

The angular velocity, Rﬁb, is calculated by the subroutine

CALL ANGVEL (XV, XCALF, XSRLF, XSSLAT, XH, RHO)
where XV, XCALF, XSALF, XSSLAT, aud XH arc quantities extrapolated to

mid-computation cycle.
Using the angular velocity, RHO, the subroutine TORCOR is called to
calculate the vector, THG, which defines the computation to inertial frame

rates times DT., and the coriolis corrections, WXV, at mid-computation cycle.

S _ — —
CALL TORCOR (XA, RHO, XV, DT, THG, WXV)



The quantized integral of specific force, DVI, is reinitialized for

the accumulation at the algorithm (ALC) module cycle time.

DVI = (0.0, 0.0, 0.0)

The body to computation frame transformation (attitude) matrix,
*
DTEM, is calculated

* * *
DTEM = AV * DCM

The computed attitude angles are extracted. First the computed pitch
angle, NAVP

NAVP = ARCTAN{(DTEM(1l)/DEN)

where
2)1/2

DEN = (DTEM(z)2 + DTEM(3)
The computed roll angle, NAVR,
NAVR = ARCTAN(DTEM(2)/DTEM(3))

and the computed heading, NAVHD,

NAVHD = ARCTAN(DTEM(4)/DTEM(7)) - ALF

If DEN = 0.0, the pitch is *90°, the previous attitude values are
output, the simulation time is incremented, TLLN = T + DT, and the sub-

routine returns to the main program.

Otherwise the computed attitude and position values are converted

from radians to degrees.
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ITEMP1 = NAVLAT * RDTODG

ITEMP2 NAVLON * RDTODG

1]

ITEMP3 = NAVP * RDTODG
ITEMP4 = NAVR * RDTODG
ITEMP5 = NAVHD * RDTODG

-— * *
and NAVH, NAVW, ITEMPl, ITEMP2, ITEMP3, ITEMP4, ITEMP5, A and DTEM are
printed, and the simulation time incremented

TLLN = T + DT

The subroutine returns to the main program.

(6) Output

{a) Print
FORTRAN unit number: OFILE = 6,

On the initialization pass the title "NAVIGATION INITIALIZATION"
ard the initialization data are printed.

Printed output is produced at PRNTDT or MODPDT intervals when

PRNTSW > 1. See Section 2,2 for print control logic. The printed output
is as follows,

Variable Units bescription

NAVH £t computed navigational altitude

NAVV ft/s computed navigational velocity vector
in ENU frame

NAVLAT deg computed navigational latitude

NAVLON deg computed navigational longitude

NAVP deg computed navigational pitch

NAVR deg computed navigational roll
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Variable Units Description

NAVHD deg computed navigational heading
N ‘
v . A unity the UP, east, north wander angle
(Computational) frame to earth-fixed
trangformation matrix

T M PR G PR T
AR R Dt N g L RN

5 *

: DTEM unity the body to computation frame
; (attitude) transformation matrix.
L

i (7) Subroutines Called

4

k (a} MIXM = matrix transpose by matrix multiplication. (See vol. III
i Section 2.3.15)

ii (b) angular Velocity (ANGVEL)

% This subroutine computes level components of the vehicle angular velocity
E

H due to its motion with respect to the earth,

?

g Call Line Data

INPUT

L. AVEL, ACALF, ASALF, ASSL, ALT,

g RO

‘ '

1 Output

E

%'.

j Call Line Input

é Variable Data Type Description

é AVEL REAL earth relative velocity vector
%

g

% ACALF REAL COSINE of the wander angle

§
E ASALF REAL SINE of the wander angle
5
#

) ASSL REAL SINE of the latitude aquared

ALT REAL altitude
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Call Line Output

variable pata Type Description
RHO REAL ~ angular velocity vector in

UEN - WA frame

Formulation

Compute the east and north components of the earth relative velocity
in the UEN - WA frame '

VE = QACALF * AVEL (2) - ASALF * AVEL (3)
VN = ASALF * AVEL (2) + ACALF * AVEL (3)

Calculate the radii, RM ané RP, of curuature of the WGS-72 earth model for

the weridional plane (N~S) and the prime vertical plane (E-W), reépegtively,

RP = ALT + RE/(1~ESQ * ASSL)"
RM = ALT + RESQ/(1-EEQ * ASSL) 3/, 2

where , , ' B
RE = 2,0925640E7, the earth's radius,

ESQ = 0.006694317778, the square of the

gccentricity of the earth's meridional
ellipse.

RESQ = 2.078555712E7, = RE * (1=ESQ)

Now the east and north components of the angular rate, WE, and WN,
are calculated

WE = =UN/RM
WN = VE/RP

and are converted to the angular velocity, RHO, of the UEN-WA frame with
respect to the earth-fixed frame,
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. RHO (1)
RHO(2)
. RHO(3)

4

0.0
ACALF * WE + ASALF * WN
=ASALF * WE + ACALF * WN

(see flow chart, Figure 2).

(¢) BAngular Velocity by DT and Coriols Corrections (TORCOR)

This subroutine computes computational to inertial frame angular

velocities times CT and the coriolis corrections,

Call Line Data

INPUT
* - =
A, RHO, V, DT,

THG, WXV
S—————
: Call Line Input
. Variable Data Type Description
[ ]
A REAL UEN-WA earth-fixed transformation
RHO REAL angular velocity vector in UEN-WA frame
v REAL earth relative veloecity vector
REAL module operating cycle
Call Line Dutput
Variable bData Type Description
THG REAL Computational frame with respect
to inertial frame angular rate times
DT
WXV REAL coriolis correction
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Figure 2,

CALCULATE
NORTH & EAST
VELOCITY

COMPONENTS

CALCULATE
EARTH PRIME
VERTICAL (R))&
MERIDIONAL (Rp)

CALCULATE
NORTH & EAST
ANGULAR VELOCITY
COMPONENTS

CALCULATE
ANGULAR VELOCITY

RIO

C RETURN ’

Angular velocity computation module (ANGVEL)
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Formulation

Calculate the earth rate signals, Exk, in the computational frame.

EAR(1) = A(3,1) * WE * DT
R(2) = A(3,2) * WE * DT
EAR(3) = A(3,3) * WE * DT

where WE = 0.7292115147e-5 xrad/sec, the earth rotation rate.
The gyro torquing signals, THG, are
THG = EAR + RHO * DT
and the angular velocity (for wXv), THE,
THE = THG + EAR

Compute the vector cross product of the anqular rate and the vehicle
velocity to obtain the coriolis correction, WXV, for the velocity update.

WXV = THE X V
(ses flow chart, Pigure 3),

{d). DCM Second Order Update Matrix (AUP)

This subroutine forms the scoond order update matrix for the local

vertical-wander angle computational to earth fixed frame direoction cosing
matrix (DCH).

call Line Data

INPUT
Py
DY, D%,
*
MUP
OQUTPUT
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Figure 3,

CALCULATE
EARTH RATE x DT
VECTOR

EAR

CALCULATE
COMP WRT INERTIAL
FRAME RATE x DT

THG

CALCULATE
RATE x DT
vactoyr

THE

CALCULATE

CORYOLIS

CORRECTIONS
wiv

" e - VT A ex

=)

Angulax velocity times DT and Coriolis Cotroction
Module (TORCOR)
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. call Line Input

Variable pData Type Description
DY REAL Y-axis increment
DZ REAL Z~axis increment
Call vrine Output
variable pata Type Description
*
MuP REAL Second order update matrix
Formilation
"
Calculate the second oxder update matrix, MUP
2 2 ! ! i
1-(D¥* + p2¥)/2 } -DZ | by
. R ,
WP = | DB | ep23/2 | by * p2/2
- ~DY. : ”;-Anv * D2/2 1-p¥3/2-

{Sse flow chart, Figuro 4).

(e) Gravity Ceotputation (GRAWV)

This subroutine computos throc componhents of gravity in the computational
frame using the WEs-72 ellipsqiéal earth model, '

¢all Line Data

S S e e, A s pte 2w e e, e i et ey B D T YIS
e . A P LY AR T N MRS VAR gy A Tpd g T .

3 INPUT
i o
: $5L,G
: SsL,G
& OUTBUT
Eo- '
-
.
&
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Figure 4. Update for computation to earth fixed transformation ' E :
‘matrix wodule (AUP) o : ’

¢
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Call Line Input

Variable Data Type Description

*

AM REAL computational frame transformation
' matrix

ALT REAL altitude

Call Line Output

Variable.xA.-il' pata Type - . Description
- SSL .:‘ = " REAL | f AM(3,1) squared ‘ T
- " REAL S o gravity vector
,Formuiation‘
- o o 2
Dafine SSL = AM(3,1) " .
~and ' COEF = 1.63E=8 * ALT * AM(3,1)

Calculate the three cowponents of gravity, 75; in the computational )
frame.

G(1) = «(32.0877057 + 0.16939081 * S5L + 7,5281E~4 *_SSLz)

W (1= (9, 6227F ~B-G-5~6. 40BE-10 * SSL) * ALT

+ 6.9512E-15 % ALTY)

G(2) = COEF * RM (3,2)
G{3) = COEF * AM (3,3)

{ See flow chart, Pigure 5).
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CALCULATE
GRAVITY
COMPONENTS IN

COMP FRAME

S { RETUKN )

Pigure 5, Gravity Computation Nodule (GRAV)
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(£)  Matris' Multiply (MM)

This subroutine forms the product of two 3x3 matrices,

Call Line Data

INPUT
* *
A, B,
*
c
g U ]
QOUTPUT
call Line Input
Variable Data Type Description
) ]
A REAL first matrix
w
B REAL second watrix
call nLine Qutput
Variable Data Type Description
‘ ) .
¢ REAL product of input matricesg

rormulation
"
Compute matrix products, C
[ 3 » *
C = A*}

(Sce flow chart, Figuxe 5),
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»
A*B=2¢
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2.3.14 EVALUATION MODULE (EVL)

(1) General Description

This module was included to provide the user with a means of per-
forming an error analysis of—or otherwise manipulating—the INSS tra-
jectory and navigation data during a simulation, or collecting simula~
tion data for post-run analysis, The EVL module simply computes and
prints a table.of navigation and attitude errors and trajectory param-
eters every 50 module-operating cycles. The printing frequency is based

on the user-specified operating-frequency time (DT).

{2) Input
{(a} Module Initialization File (IFILE)

FORTRAN unit number: 90
FORTRAN format: 15, F20.10

Default

Index Variable Value Units Description
1 oY 1.0 8 module operating cycle timo
2 PRNTSW 1.0 "~ logical print switch (O-nopyint,
_ otherwise print)
3 oUrSW 0.0 T - not used
4 XFILE 6.0 logical FORTRAN unit number for
printout
5 PRNTDY 1.0 s - printing cycle time
{b) Common Initialization File (PFILE)
FORTRAN unit number: 7
FORTRAN format: 115, F20,10
Index Variable Dﬁﬁ?git Units | Descripeion
1 WE 0.7292115147e-4  rad/s earth rotation ra
2 RE 20925640.0 ft carth radius
3 G 32,2 ft/s nominal gravity
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(3) call~Line Data

INPUT

{ eSS, e e —— "\
T, IENDF, LAT, LON, ALY, VEL, DVT, PITCH, ROLL, YAW, WONDER, NAVLAT,

INPUT

NAVION, NAVV, NAVH, NAVP, NAVR, NAVHD)

(a)} call-Line Input

Variable Units Data Type Description

T _ s REAL current simulation time
i
! IENDF logical REAL last-pass indicator
; LAT rad REAL geodetic latitude - “tyue®
f LoN rad REAL geodetic longitude ~ “true®
{ ALT £t REAL altitude above sea level
; ' “true¥
% . " ) . .
1 VEL ft/s .. REAL velocity vector in body frame -
L “true*
i .

‘ f: : oVt o £t/ - " REAL quantized inteqral of specific
; - : force in ENU frame - “true®
i | _

t PITCH rad " . REAL vehicle pitch - “grye*
' ROLL rag REAL vehicle roll - “trua¥
¥AW © rad  REAL -or vehicle yaw - “grus®
WONDER ' yad REAL vehicle wander angle - “tyue®

{clockwise from north about
- the local vertical uwp axig)

NAVIAT ‘rad REAL - Lomputed navigational latituds
'NAVION . rad : RERL, computed navigational lengitude
- NAVH fv REAL computed navigaticnal altitude
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(4)

Variable Units Data Type - Description

NAVP rad REAL computed navigational pitch
NAVR rad REAL computed navigational roll
NAVHD rad REAL

computed navigational heading

(b} Call-Line Output

There are no output parameters in the call-line argqument list,

Formulation

(2) Initialization Function

The initialization switch, INITSW, is initialized to zero in a DATA

statement., The following functions are performed oan the first pass, if

INITSW = 0, IENDF = 0, and if the module operating cycle time has elapsed.

® Read and print initialization fille (IFILE).
® Read common initialization file (PFILE)
® Set OFILE = XPILE,

The initialization switch is set, INITSW = 1, and the current simu-

lation time is incremented,

TEVL =« T + OF
Now the subroutine yoturns to tho main program.

tb)} Genaral Function

The tollowing functions are performed every module operating cycla.

The 13 trajoctory and the 9 navigation orrox paramateys are arrayed

in 50-element vector form and the unit converted to units conveniont for
interprotation. '
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XT(N} =
XLAT(N) =
XLON(N) =
XALT(N) =

XVELX(N) =
XVELY(N) =
XVELZ(N) =
XDVTR(N) =
XDVTY (N} =
KDVTZ(N) =

REEAD(N) =

XPXTCH(R)

~ XROLL ()

T (s)

LAT * RDTODG (rad to deg) '
LON * RDTODG {rad to degq)

ALT (ft)

VEL(1) (£t/s)

VEL(2) (£r/s)

VEL(3) (£t/s)

DVT(1) (££/3)

DVT(2) (ft/s)

DVT(3) (££/5)

(YAW-WONDER) * RDIODG (rad to deg)

PYTCH * RDTODG o (rad to deg)

VRﬁLL * KDTODG . (rad to deg) . , -

The navigation eryors are the differences betwoon the “true® position

and attitude values and the corresponding computed navigational values in

thelr appropriate

ELAT (N)

- ELON(N)

- EALT(N)

EVELX{N)

EVELY (N)

EVELZ{N)

" EHBAD(N)

EFYTCH(N)
EROLL(N)

units,

(LAT-NAVLATI®RE . (xad to ft)

(LON-HAVLON) *HE*COS (LAT)  (rad to £4)
ALT = NAVH | (£
VEL(1) « NAWV(L) (£e/s)
VEL(2) = NAWV(Z) (£t/s)
VEL(3) - NAVV(3) {£8/s)

(YAW - WONDER - NAVIHD) *3600*RDAODG (rad to Sec)

(PITCH - NAV) *3600%RDTODG  (rad to B6¢)
. (ROLL - NAVR) *3600%RDIODB  (xad to sev)
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The listed trajectory and navigation error parameters are computed

. and stored for N = 50 module operating cycles. When the 50 lines of

L7 A M A S o it St abatie

trajectory and the 50 lines of navigational error values ure collected,

A

each of these pages of data is then printed and written on an unformatted
tape or disc file.

P G

The simulation time is incremented
TEVL, = T + DT
The subroutine now returns to the main program.

(5) OQutput

{a) Print

N T AR A R LIRS S F D

FORTRAN unit number: OFILE =n §,

On the initialization pass the title “EVALUATION INI'CIALIZATION" and
the initialization data axe printed.

A printed output table is produced every S0 mndu!b operating coycles
or on-last pass. The romaining data is printed, if the print switch,
DPRNTSW g_i. A sample of the printed output is displayed in Sect#on,z,z.

* The printed output consists of the following list of variables, '

ot AN ST, PN 2 S
.

e IR

© Variable 7"' Units : e Description
- X7 o s - current simulation timo
XLAT ~deg . geodotic latitude - “trun®
REOH 4 | deq_r geodetic longitude - “trua®
:ﬁELT, f | ft altiﬁude above sea level - "taue"
xvﬁhx o fe/s | -east velocity cosponent - “tiue®
. XVELY : ft/s north velocity component - “true®
XVELlZ ft/s “up veloeity component - “"true®
XHEAD _ deg ',, ~ heading ~ “true%
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Variable
XPITCH
XROLL
ELAT
ELON
EALT
EVELX
EVELY
EVELZ
EHEAD
grizc

EROLL

Units
deg
deg
ft
ft
ft/s
ft/s
ft/s

ft/s

Description
pitch - "true"
roll - “true"
latitude error (“true* - computed)
longitude error (“true" - computed)
altitude error (“true® - computed)
east velocity error (“true* - computed)
north velocity error (“true® = computed)
up velocity error (“true“ - computed)
heading arroxr (“true* -~ computed)
pitch error (Ytrue® - computed)

roll error (“true” - computed)

{b) Secondary Storage (PPPILE)

FORTRAN unit numbers 12
. PORTRAN formats

The following output

for Lacer_postprocessinqg

The varlable list is

{7} - Subroutines Called

unformatted

is written on tape or disc on every module cycle

iddentical with the printed list above,

Ko subgoutines are called.
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2,3.15 MATHEMATICAL SUBROUTINES

(;) ~ General Description

The INSS sytem includes a library of three dimensional mathematical
subroutines that perform vector-matrix operations and random number generation.
All vectors must be dimensioned V(3). All matrices must be dimensioned M(9)

and stored sequentially by row~, i.e.,

My M2 My ML) M(2)  M(3)
naffr M2 Mal oo lm@ mGs) M
M31 M2 My M M) M)
(2) Subroutines

The following subroutines are describad,

(a)  Matrix Multiplication (MXM)
This subroutine multiplics two 9-clement matrices.

€all Line Bata

INPUT

i i,

» | ]
"1, Rz,

L]
M3)

OUTPUT

call Line Input

-
Variable - Data Type ' _ ' Description
. ' o
N REAL A 3 x 3 matrix stored by row as
: a 9-~element vector
L]
N2 ' -REAL - A 3 x 3 matrix storaed by row as

a 9~eletment vector
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Call Line Output

variable Data Type Description

®
M3 REAL A 3 x 3 matrix stored by row as
a 9-element vector

Formulation

* * *
The matrices Ml and M2 are multiplied and stored in matrix M3

+

" *
M3 = M1l * N2

(b) Matrix by Vector Product (MXV)

A matrix time vector product is produced to obtain a vector.

Call Lino Data

INBUT

{4, V1,
v2)
St sttt

Call Line Input

" variable pata Type Description
N _ REAL C : ‘A 3 % 3 matrix storad by now as
" nine element vector ' o

W mea _ ‘A 3 elemont vector

Call Line GQutput

Variable Data Typo Description

vz " REAL ’ A 3 alement vector
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Formulation

* [
The matrix, M, is multiplied by the vector, V] and stored as the

vector, V2.

*
V2 = M*Yyl

(c) Matrix Trangpose by Matrix Product (MTXM)

A transposed matrix is multiplied by another matrix to obtain a

third matrix.

Call Line Data

INPUT
S oam—
* L
(M1, M2,
*
M3
— s’
OUTPUT
Call Line Input
Variable Data Type
»*
Ml REAL
*
M2 REAL
Call Line Qutput
~Variable Data Type
*
M3 REAL
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A 3 x 3 matrix stored by row as
a nine element vector

A 3 x 3 matrix stored by row as
a nine element vector

Description

A 3 % 3 matrix gtored by xow as
a nine element vector




Formulation

*
The transpose of matrix, Ml, is multiplied by the matrix, ﬁz, and
*
stored as the matrix, M3,

w ®
M3 = MIT % M2

(d) Matrix Transpose by Vector Product (MTXV)

A transpose matrix is multiplied by a vector to obtain a vector.

Call Line Data

INPUT
—
" —
(M, V1,
v2
. —
OUTPUT
Call Line Input
Vvariable Data Type Description
*
M REAL A 3 x 3 matrix stored bv row as
a nine element vector
vl REAL A 3 element vector
Call Line Output
Variable Data Type Description
vz REAL A 3 element vector

Formulation

* ———
A transpose matrix, M, is multiplied by a vector, V1, and stored
as the vector, V2.
I ] —
V3 o= ML % V1
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(e) Random Number Generator {(GAUSS)

This function computes a Gaussian random number with a given mean

and standard deviation., It is machine independent and will work properly

if the single precision word of the machine is more than 20 bits long.

Call Line Data

INPUT
———— " ————

(MEAN,STD)

Call Line Input

Variable Data Type Description
STD REAL desired standard deviation of the
normal distribution
MEAN REAL desired mean of normal distribution
Formulation

An odd integer seed is selected, initially, as IX = 3. A real number,

FA, is initialized to zero.

Twelve uniformly distributed numbers, FY, from 0 to +1 are calculated.

Those numbers are summed to obtain the real gaussian random number,

FA, which has a mean of 6 and standard deviation of 1.0.

The real random number GAUSS, returned by the function is from a
Gaussian dstributinn having a mean value of MEAN and a standard deviation

of STD. It is calculated from

GAUSS = MEAN + STD * (FA - 6.)
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SECTION 3

SAMPLE OUTPUTS

The following sample output has been computed for the default
values in the initialization files.

3-1 Initialization

These pages of printout list each of the module

initialization data used in this run.



LHLS PAGE IS BEST QUALLTY IRACIIOAIIE
FROM COPY FURNISHED TO DDC a

6/23/78 SAMPLE RUN RITH DEFAULY DATA
PHYSICAL DATA FILE

WE ,72921151D-04 RAD/SEC
T 20625640, FT

G 32.200000 FT/SEC2
reII0T 6.00CC000 SECS

SEQUINCER THITIALIZATION

oY .10000C00 SEC
FAINTSH 1.0000000
OUTFSH .0
OFILE 6
cPNInT 6.0000000 .
MZDFOT 6.0000900
TEND 24.900000
DYSLOW .200000000-01
TRAJECTORY INITIALIZATION
oT .10000000 SEC
FPHTSK 1.0000000
oUTZA
SFILE 6
HCIFIY 6.0000000
FANTOT 6.000C000
LAT(DEG) 40.000000
LCHIDEG) .0
ALTIFT) 2000.0000
VEL(FT/SEC) 1000.0000 1000.0000 100.00000
ROLL(DEGS) .0
PITCH(DEGS) 10.000000
YAL(DEGS) 90.000000
WAL ER(DEGS) 45.000000
AR(FT/5EC2) ~5.5830645 .113507370-04 -31.663198
W>(RADS/SEC) .538603070-04 .107115850-03 .787563530-04

ENVIRCHHENT INITIALIZATION

DT .10000000 SEC
PINTSH 1.0000009

OUTEW

OFILE 6

poUTHTY 6.0000000

nosioT 6.C000000

VI3EH .0

VIERATION GEMERATOR PARAMETERS

VERTICAL LOAD AP WH WO
4 PEAKS
.136031000-03 3.0000000 13.500000



- e e . -
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THIS PAGE IS BBST QUALLTY PRACTIOARLE

TRttt e+ s an e

;
!
FROM COPY FURNMSHED TODDC - |
+15488000D-04% 3.0000000 . 21.000000
.16150000D-05 6.0000000 32.300000
.175000000-07 4.0000000 61.500000
LATERAL LOAD
3 PEAKS ’
«103040000-04 3.5000000 16.000000
.590000000-07 8.0000000 34.000000
.308000000-08 6.0000000 68.000000
LONGITUDINAL LOAD
0 PEAKS
PITCH RATE
3 PEAKS
.26200000D-06 3.3000000 13.500000
1660885000-07 2.0000000 21.000000
+132260000-~07 6.0000000 32.300000
YAW RATE PAD
49 PEAKS
+24190250D0~06 3.0000000 3.0000000
«24001500D0-07 5.,0000000 15,000000
.2385000¢0~09 $.0000000 33.000000
«4100000CD-10 3.0000000 67.800000
ROLL RATE PSD
1 PEAKS
+720000000-04 2.0000000 ) 2.0000000

GYROSCOPE JIMITIALIZATION
oT

.100000000-01  SEC
PRNTSH 1.0000600
MODPDT 6.0000000
FRNTDY 6.0000000
oUTSH 0
OFILE 6
REOX © 1.0000000 .0 .0
.0 .0 1,0000000
.0 ‘1 .0000000 30
QGHY = .0 1.0000000 .0
1.0000000 .0 .0
.0 .0 =1.0000000
GopZ & .0 .0 1.0000000
1.0000000 .0 _ .0
.0 1.0000000 .0
QUANT " ,700000000-0% ARCSEC
K 310000000410 G CHuW2/8ECHN2
b 226.00000 UH ciswa
DELY 14.000000 BN CH¥W
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THIS PAGE IS BEST QUALLTY PRACTIOARLE

i
|
FRON.CORY.- FURNI SHED TO DDC - ;
co 7000000.0 DYNE CM/RAD/SEC
H 151000.00 GM CM<»2/SEC
b4 Y 4
94 1,1200000 1.1200C00 1.1209000 OEG/HR/G
¥ -.320300000-01 -.320%30000-01 ~.320200000~01 DEG/H3/G
KS -.62020000 -.62300000 -.6C0C0000 DEG/HR/G
KII .0 .0 .0 DEG/HP/GUN2,
KS3 -.300000000-01 =.330000090-01 -.300000000~-01 DEG/HR/G##2,
KIJ .0 .0 .8 DEG/HR/GPH2,
KIS +21000000 «21070000 .21000000 CES/HR/Gue2,
KOS ~,75%000000-02 -.750008230D-02 -.753000000=02 CES/FR/G¥#2,
EIAS ~.319012000 ~.31794300 «.31£02C09 BEG/KR
BIASY .0 .0 .0 [DEG/HP Yuh2
Sree ~20.020000 -20.00%0000 =20.680000 FFY
SFMO ~53.0000C0 =54.000900 ~-54.0000¢) PFN
SFPL .0 .0 .0 PFH/AAD/SEC
13 1 S N N .0 Pril/RAD/SEC
TRAM51 .0 0 .0 DEG/HA
TRANTC 200.00000 200.00000 200.00000 SEC
BIASTC 40.000000 SEC
Q=0L® 0
ACCEZLIROMETER IMITIALIZATION
oT <10630C030-01 SEC
TSN l.ce00200
nanenT 6,0900C¢0
FRNIDY 6.0303360
ouren 0
OFILE 6
CliX = 1.0333000 .0 0
.0 0 1.0000000
.0 ~1.0000000 .0
QIAY @ 0 1.0000000 N
1.0000000 .0 0
-0 .0 '1-0000030
QOAZ @ .0 N 1.000%900
1.0600000 0 .0
.0 1.0000000 0
I 5.0000000 GH CHwsl
DELY 0 GM CMeel '
€O £5000.000 DYKE CM/RAD/SEC
nie L 70022090 - ] ’
GUANT 1,0000000 CM/6EC
K +300003070¢09 Gt CHewl/RAD SECHeZ ’
X A\ 4
KO 0 . .0 0 HIC20 6/6
Kp 0 0 0 $1CR0 G/G
KIX 80000000 +&2000000 .80000900 MIC2O Gr5eme
Kpp Yy Y 0 HICTD G Owe
h10 0 ] 0 MICRD G Qusp
K1p 0 © .0 .0 nICry G,Guvd
L1 .0 . 0 .0 MICRG G/GWNE
BIAS %00.00000 <09.00000 920.00000 NICFO 6
oraav 0 0 .0 (MIC20 G)eeg
SFGPO 10.0000¢0 10,000020 10.000300 P

PP
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§FGMO
SFGRY
SFGML
RX
RY
RZ
ORDER

0

ecme e | FROM COPY PURNISHED 70 DD(
M
10.000000 10.000000 10.000000 PPM
.0 .0 .0 PPN /8
.0 .0 .0 PPY /G
1.0000000 .0 .0 FT
.$0000000 .20000000 .0 FT
+90000000 .0

.20000000 FT

ALTIMETER INITIALIZATION

DT .10000000D-01 SEC

PNNTSW 1.0000000

oUTSH 0

OFILE 6

FRNTDY 6.0000000

MCDFDT 6.0000000

NOISSW 0

ALTIMETER UNCERTAINTIES
TC 40.000000
UOLFT-2) . 399999%%E-1%
UL(SECA/FTL) Q29939 98E-07
USLFT2) 17000.000
us +62499933E-09
V4tFT2) 97.000030

READER INITIALIZATION ’

T . 99999979E~02 SEC

PRMTSH 1,0000000

QUTSH .

OFILE (3

MODFOT 6.0000000

PRNTOT 6.0000000

ACC COMPENSATION IMITIALIZATION

DY
FaNTSH
QUTEN
OFILE
SPARE
MODPOT
PRNTDY

DELX
DIAS
RIX
MG

INX
QADN

QABY

QABZ

«100000000-01 SEC '
1.0000000
0
6

0
6.0000000
6.0000000

0 GM CHwM2

X ¥ 4
900.00000 6%0.00000 8%0. 00000 MECRO &
«400C0000 40000000 +40000000 HICRD G/Gw2
70000000 GH CH
5,0000000 GH CHuw?

1.0000000 0 0

-0 : .0 1.0000000

+0 '1.0000000 0

0 1.0000000 .0

1.0000000 .0 .0

.0 .0 ~1.0000000

0 0 1.0000000
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FRON COPY FURNISHED 0 DDG
s cmde 8
1.0000000 .0
.0 1.0000000
QHIs 1.0000000 .0
.0 1.0000000
0 .0
SFMO 10.000000 10.000000
SFMl B N
SFFY 10.000000 10.000000
SFr1l .0 .0
RX 1.0100000 .0
RY 89500009 .19000900
RZ .91000000 .0
GYR CCMPINSATION INITIALIZATION
0T .100022000-01 SEC
PRNTSH 1.0000000
cITEN 0
CrILE 6
MIOFOT 6.000C000
FanIoY 6.0000000
X Y
GIAS -. 34000000 -, 34000000
5FP0 -30.0C0000 «30,000000
SFH0 «%%,000000 ~4%.000000
Q72X 1,0000000 .0
.0 .0
0 «1.0000000
Gcoy 0 1.0000000
1.0000000 .0
0 .0
(Wt 134 .0 0
1.06000000 0
0 1,0320000
N3¢ 1.0000000 .0
: .0 1.0000000
.o '0
Kl 1.1600000 1.1500200
KO -, 370000000-01 ~.370000000-02
ke «.06000000 =, 66000000
KIX .0 .0
818 .40000000D-01 «600000000-01
K03 . ».150000000~01 «.150000000-03
(X1} 0 0
K10 0 : ,0
H 151000.00 Gt CHYNS/SEC
beLs . 1a,000300 CH Creed
IaN £26.00000 GH CHew?
SFML .0 .0
SFP] W0 0
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1.0000000

10.000000 PP

.0 PPN /6
10.000000  PPM

.0 PPM /G
0 FT

"0 FT
.19000000  FT

z
-.340006000  DEG/NR
-30,000000 PP
-34.000000  PPH

.0

1.0000000

.0

.0

"0
«1.0000000

1.0000000

0

lo

0

1.0000000

1.1600000  DEG/MR/G
-, 37000000D-01 DEG/N/G
-.46000000  DEGAIR/G
.0 DECAIRAGHY2,

60000000001 DEG-HR/GRN2,

N
+0

.0

~=.15000000D0-01 DEG/HR/GHHD,

DLRGALR/GYND,
DEG/HR/Gen,

P /RAD/SEC
PRt /RAD/SEC
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1HIS PAGE 1S BEST QUEDETT PRACTIOABLE I
FROM COPY FURNISHED 70 DDC
QIfs 0.67436429 -0.70710678 ~0,12278780
0.645044°%5 0.564167522 0.53896131
~0.3145%520¢8 “0,45451948 0.83333299
ALGORITHM INITIALIZATION
or .10000000 5EC
PRRTSH 1.0000000
[+{V3 £ 0
OFILE &
GORDCM 1.0000000
120PDY 6.0000000
PRNTDT 6$.0000000
GQUAT .0 .0 +0
ORDER 3 .
DTN 4.0000000
LATEFR .0 DEG
LCRERQ .0 OEG
HANLER .0 DEG
PITERR .0 DEG
ROL:RAR .0 DEG
YALERR 0 DEG
A TRANSPOSE
V76606444 +0 66278761
-,45451940 70710678 54167522
-, 65651048 -.70710678 54167522
NAVIGATION  INITIALIZATION
23 ¢ L.1€000000 SEC
PRNTEW 1.0000000
ouTSH .
OFILE [
SPARE .0
PRNIDT 6.0000000
CVDYISEC-3) ,60000000D0-01
CVD2(58EC=-2) L16200003D-02
CVOMSEC-3) +162000000-06
INITIAL VEHICLE £OSITION
HIEY) 2000,0000
ALTERRIFT) 0
VIFT/5EC) 1000.0000 1000.06000
VERRIFY/SEC) .0 0
LATIDEGS) 40.000000

LATSRRIDEGSY .0
LONIDESS) +0
LONERR(DEGS) .0

EVALUATION IHYVIALIZATION
oy

+10660000
PRUTSH 1.0000000
ourel
OFXILE ’ 6
2 11] 1.0000000

SEC
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3.2 MODULE

This sample page printed ocut every PRNTDT or MODPDT interval
display the values of significant variables at the printing time for
each of the modules,
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| YROM COPY FURNISHED T0 DDC
i
!
i
v
6723778 SAMPLE RUN WITH DEFAULT DATA
% SEQ ¢ TINn:m .10000000
o TRJ ¥4 ABIFT/SEC2} 5.5614927 «18130318 31.456426
HB(PAD/SEC) .53860785D0-04  .10711559D0-03 .707570280-04
LAT(DECS) 40.000274 :
LUNIDEGS) .356901650-03
ALF(DEGS) 4h. 999771
ALT(FT) 2010.0000
VELIFT/SEC) 1000.0000 1000.0000 100.00000
OVIFT/SEC) =,1178641500-01  .13655992D-01  3.1944275
apl ,69635%99 .64506335 -. 31460459
-.70711293 . 24167304 =,45451251
-.12277654 .53896530 .83333206
M ENV ww  AD(FY/SEC2) 5.5614927 .18130318 31.456426
R3I(RAD/SEC) .538607550-04 +1071155%0-03 . 78757028004
AUD(FT/BEC2) 5.5616927 .18130318 31.456426
LIBIRPAD/SEC) .53060705D-04  ,10711554D-03  ,.78757028D~04
LIIDOT(R/S2)  .476246370-00 ~-.255999600-00  ,674077150~08
W GYR ¥4 DTHETAIRADS)  .505604470-05  ,103615430-06  ,7G9904950-05
e ACC #&  DVIFT/SEC) 155278749 .150564690-01  3.1425001
a0 ALY %% ALT(FT) 2010,0000
. 8 ROZ W8 OVIFY/SEC) 155278749 ,150564690-01  3,1425001
DYHETA(RADS)  .545604070-05  ,105015430-00 74990095005
e CAG o DV (FT/SEC) 55565860 (17922612001 3.145397)
) #4 COY #¥ DVHEYA (RAD) LS37233000-05  .107301130-08 78787671005
i ALO W® DVIHFT/SEC)  2.4302066 «.319321930-01  2.0633971 -
0CH =, 31659953 “.G5451768 (83333116
.69536220 -, 70710951 ~.32278061
J6450633¢  .54167303 53006532
o LN e% HUFTE 2010.0080 , ‘
VIFT/SEC) 499, 99904 ¥99.99950 99.999671
LATIDEGS ) 40.000274 ,
LONIDEGS) , $54901000-03
PLICH(DEGS ) 9.9999009
ROLLIDEGS ) ~.814306260-06
HEADINGLOEGE ) 45.000000
A TRANSIGSE )
L 76606135 LGTTITABID-05  .66279128
R T ERCHURE 70710678 54147007
-, 45451947 -, 70710670 «G4167521
ovEn
17264036 =,140307850-07 98430774
.945320776 «. 40045590005 =, 17364816
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3.3 EVALUATION

Two sample pages display the 50 module cycle computations of
trajectory parameters and navigational errors.
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